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ABSTRACT 
 
Surface integrity (SI) is the integrated surface behavior and condition of a material after 
being modified by a manufacturing process; it describes the influence of surface properties 
and characteristics upon material functional performance. As the leading-edge field of 
manufacturing research, SI finishing/machining and the consequent machining-induced 
complex combination of surface roughness, residual stress, work-hardening, macro and 
microstructure transformation, strongly affect the fatigue and stress behavior of machined 
parts. This kind of influence is particularly sensitive and pronounced in the 
difficult-to-machine materials, which are typically chosen for the most critical applications in 
the automobile, aerospace and nuclear industry. Thus, well-designed SI processing 
requirement and accurate SI evaluation model are essential to control and ensure the surface 
quality and functional performance for these key parts. 
In this thesis, an SI descriptive model for quantitative characterization and evaluation of 
surface integrity is proposed based on five principal SI characteristics. Considering the 
nature of surface integrity, a conceptual framework of an SI model for machined parts is 
established, in which the SI model is constructed based on the correlations between SI 
manufacturing processes, SI characteristics and final functionality. This model offers a 
theoretical basis and guideline for controlling SI characteristics and improving fatigue 
properties for machined parts. An empirical model for estimating the 
SI-characteristics-caused effective stress concentration factor (SCF) is established with 
fatigue life as the evaluating indicator. For a typical difficult-to-machine material, GH4169 
superalloy, usually used in internal combustion engines, its grindability and the influence of 
processing parameters on the five principal SI characteristics are investigated in detail. The 
correlations between the processing parameters and the SI characteristics, between the 
processing parameters and the fatigue properties, and between the SI characteristics and the 
fatigue properties, are analyzed based on an orthogonally-designed grinding experiment and 
corresponding rotary bending fatigue testing for GH4169 samples within the selective range 
II 
 
of grinding processing parameters. The feasibility and effectiveness of the proposed model 
for estimating the SI effective SCF are also validated by the experimental results, and this 
has actually offered an equivalent and convenient means for evaluation of SI and fatigue 
properties. Finally, the conclusions and contribution of the research are discussed, and 
potential future work to build on this research is identified. 
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NOMENCLATURE 
 
Unless stated explicitly, the following abbreviations and symbols are used in this thesis, with 
their meaning listed below.  
 
Abbreviations    Meaning 
Ra    Arithmetic average roughness or mean-line average roughness (µm) 
Rt    maximum peak-to-valley height within the evaluation length (µm) 
Rz    ten-point height within the sampling length (µm) 
Rq    root mean square (RMS) roughness (µm) 
Rp    max peak height (µm) 
Rv    max valley depth (µm) 
RSm    average spacing between peaks of a surface profile (mm) 
Rpk    reduced peak height (µm) 
Rk    core roughness depth (µm) 
RMr(c)   material ratio at depth 'c' (%) 
RMr1    peak material portion (%) 
RMr2    valley material portion (%) 
Lo    actual profile length (mm) 
Lpr    profile length ratio (%) 
Lr     sample length (mm) 
Rsk    skewness (2D)   
Rku    kurtosis (2D)  
Rvk    reduced valley depth (µm) 
Rvm    average valley depth (µm) 
Rx    largest motif height (µm) 
Rǻq     RMS slope  
Rǻa    mean-line average slope   
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RȜq    RMS average wavelength (mm) 
RȜa     mean-line average wavelength (mm) 
Sal     fastest decay autocorrelation length (mm) 
Sbi     surface bearing index (%) 
Sc     core valley volume (µm
3/mm2) 
Sci     core fluid retention index (%) 
Sdr     developed interfacial area ratio (%) 
Sds     density of summits (1/ mm
2) 
SIMa    imperfection area (mm
2) 
Ssk    skewness (3D) 
Sku    kurtosis (3D) 
Sm     material volume of the surface (µm
3/mm2) 
Sq     RMS average (3D) (µm) 
Ssc     mean summit curvature (1/mm) 
Std     texture direction 
Str     texture aspect ratio (%) 
Sv     valley void volume (µm
3/mm2) 
Svi     valley fluid retention index (%) 
Sz     ten-point height (3D) (µm) 
Sǻq     RMS slope (3D)  
a     amplitude of a sinusoidal surface profile (mm) 
b    spacing of notch (mm) 
d    half width of notch (mm) 
n    load type 
t    depth of notch (mm) 
q    notch sensitivity coefficient 
t     equivalent depth of notch (mm) 
d     equivalent half width of notch (mm) 
XVI 
 
ȡ    root radius of a valley for surface profile (mm)  
ȡi    root radius of the ith valley for the surface profile (mm) ߩҧ              equivalent root radius of the dominant valleys for the surface profile (mm)  
Ĳ     stress of dislocation (MPa) 
ȡd     dislocation density (cm-2) 
Į     material constant 
ı0.2    yield strength (MPa) 
ıb    tensile strength (MPa) 
E     modulus of elasticity (GPa) 
į0.5    elongation ratio (%) 
J c     1st strengthening phase, Ni3(AlTi) 
J cc     2st strengthening phase, Ni3Nb 
ȜWL    wavelength (mm) 
Ȝ     ratio of spacing to height of the surface irregularities (%) 
Kt     theoretical stress concentration factor (SCF) 
Kf     effective stress concentration factor (SCF) 
Kst    theoretical SCF caused by machining-induced surface texture   
Kt1    SCF caused by macro pre-designed geometrical structure  
KEF_NS   SFC considering material sensitivity caused by micro surface texture 
KtMG Multiple SCF caused by machining-induced micro surface texture 
overlapped on a macro geometrical notch (multiple stress concentration) 
KIEF    fatigue reduce coefficient stress concentration factor (SCF) 
Kut  Manufacturing process induced stress concentration factor (SCF) caused 
by nonuniformity or discontinuity of material properties under the surface 
(within the material altered layer) 
h    depth below the surface (mm) 
HV1    microhardness value on the machined surface (Vickers hardness, HV) 
HV0    microhardness of the bulk material/base material (HV)  
XVII 
 
HV(h)   microhardness distribution along the depth below the surface h (HV) 
ıR0    residual stress on machined surface /surface residual stress (MPa) 
ıR(h)   residual stress distribution along the depth below surface h (MPa) 
ı    working load (MPa) 
ap    depth of cut (mm) 
vw     workpiece rotating speed (m/min) 
fa    feed rate (mm/r for external grinding; mm/str for plane grinding) 
vs     grinding wheel cutting speed or grinding wheel linear speed (m/s) 
Se    fatigue strength or fatigue limit (MPa) 
Nf    fatigue life (cycle) 
 
 
 
 
1 
 
CHAPTER 1 INTRODUCTION  
1.1 SCOPE OF THE WORK  
The demand for high reliability and improved engine performance has led to further research 
and development of higher temperature and higher strength materials for producing better 
precision parts [1-6]. However, the high temperature or high strength materials, such as 
nickel based or titanium alloys, are normally difficult to machine and their surface quality 
and final functionalities are sensitive to the selected manufacturing processes [7]. Normally, 
the high-precision or micro-structured parts made of difficult-to-machine materials are more 
prone to falling short of their required geometry or surface accuracy and this could easily 
cause the failure of parts in service especially in extreme and complex working environments 
[8-12]. Thus, it is really important to well control the machining process and surface quality 
to maintain the service performance. To remain competitive against the global competitors, 
especially against those from the emerging Far East, the priority for European manufacturers 
is to improve their product quality by increasing existing technological advantage, as well as 
to lower the manufacturing costs including both energy consumption and workforce 
employment [13]. These will demand optimization of existing production processes and the 
development of innovative manufacturing technologies, both of which could help to control 
manufacturing accuracy and ensure the surface performance of machined parts suitable for 
high-temperature, high-strength applications. 
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machined part, existing means which only take account of single primary surface/subsurface 
characteristic, are considered to be inadequate to meet current requirement for accurate 
assessment of surface quality and integrity. Conventionally, it used to be accepted by 
engineers that the fatigue properties of a machined part are mainly and directly determined 
by its surface roughness characteristic if it is processed under gentle machining conditions; 
and that the fatigue strength will decrease as the value of surface roughness increases. 
However, now it is well recognized that subsurface characteristics, such as phase 
transformations, microhardness and residual stress, actually have a more profound influence 
on the final fatigue property than do surface roughness characteristics, especially when the 
machining process has massive thermal effects involved. If the machining conditions are 
abusive to the machined part, the effect of subsurface physical transformation caused by high 
temperature is likely to override any other influence caused by surface geometrical texture, 
and the fatigue strength will be consequently impaired. There have already been some 
catastrophic accidents that originated from the failure of key parts, all of which showed the 
potential dangers of surface and subsurface material variations caused by excessive heat and 
force generation during manufacturing processes such as milling, drilling, grinding and 
electrical discharge machining (EDM). For example, the surface microhardness of a 
machined part produced under excessive thermal conditions can easily reach five times its 
bulk hardness, which makes the generated surface layer too brittle to sustain alternating load; 
Inconel 718 high-temperature alloy normally has a fatigue limit as high as 540 MPa after 
gentle grinding, but it may drop to as low as 150 MPa after EDM [14]. In a word, the 
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machining-induced surface texture and subsurface characteristic variations are of vital 
importance to the mechanical properties and related functional performance of machined 
parts, especially for critical parts with difficult-to-machine material that are widely used in 
the aerospace industry. 
1.2 AIM & OBJECTIVES 
The overall aim of this research is as follows:  
To bridge the gap between industry and academia, this research manages to establish a 
surface integrity (SI) descriptive model which could digitally and quantitatively define the 
primary surface integrity characteristic parameters for accurately describing their influence 
on functionality in practice. It could actually be taken as a preliminary standard for the 
characterization, measurement and evaluation of surface integrity.  
And the objectives can be stated as:  
(1) Considering the surface and subsurface integrity characteristics interact with each other 
and jointly determine the functionality of machined surfaces or parts, the research also 
aims at developing a generalized surface integrity model for better understanding the 
interactions among the machining processes, surface integrity characteristic parameters 
and service performance, and effectively evaluating the quality and performance of 
machined component, especially for difficult-to-machine materials like Ni-based 
superalloys or Ti-alloys. It is expected that mechanical properties and corresponding 
performance of machined components could be accurately assessed by applying this 
method.  
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(2) In order to accurately evaluate the surface integrity and the consequent functionalities, 
especially fatigue-related performance for aero-engine-used materials (such as 
difficult-to-machine Ni-based superalloy GH4169), convenient empirical equations for 
estimating the effective stress concentration factors (SCFs) of certain machined surface 
are necessary; the impact of multiple stress concentration, which considers the situation 
when the machining-induced microscopic surface texture superimposes on its 
macroscopic pre-designated structural notches or other macro stress raisers, also has to 
be quantified. The accuracy and feasibility of those empirical equations will be validated 
by calculating and comparing the SCFs for the externally-ground GH4169 superalloy 
cylindrical samples with the corresponding experimental measurement. 
1.3 ORGANIZATION OF THESIS   
The industry used to have limited knowledge about how the manufacturing processes and 
machining parameters could adversely or favorably affect the surface integrity of machined 
parts. They are now gradually becoming aware of their impact and know it could be applied 
to control and improve the surface quality of machined parts in practical production. As a 
cutting-edge research topic in manufacturing, surface integrity finishing/machining is the key 
technology which could ensure the required surface/subsurface characteristics and its 
corresponding functional performance for some critical parts used in automobile, aerospace 
and nuclear industry. A comprehensive model for surface integrity which could help to 
conveniently characterize the surface geometrical texture and subsurface mechanical or 
physical properties of machined parts is indispensable for accurate evaluation of the surface 
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integrity and functionality of machined parts. In this thesis, a quantitative surface integrity 
descriptive model is proposed according to the five primary characteristics based on the 
surface integrity standard data set. An empirical model for estimating the effective stress 
concentration factor (SCF) is obtained according to specific surface integrity requirements 
when the fatigue performance of a machined part is taken as the principal evaluating 
indicator. The influences of machining process and its operational parameters on these 
primary surface integrity characteristics are studied in detail for the typical engine-used 
superalloy GH4169 (similar to the material trademarks of Inconel 718 in U.S. and 
NC19FeNb in France). The correlations between processing parameters and SI 
characteristics, between processing parameters and fatigue properties, and between SI 
characteristics and fatigue properties, are derived from the orthogonally-designed grinding 
experiment and fatigue test for GH4169 specimens. The feasibility and accuracy of the 
proposed estimating model for the effective stress concentration factor are also validated by 
the corresponding experimental results, and this has offered a convenient means for the 
characterization and evaluation of the fatigue properties. The organization and structure of 
this thesis are as follows:   
In Chapter 1, the scope of this research is defined and the research aims are set up. 
In Chapter 2, the advances in characterization, measurement and assessment of surface 
integrity for high standard machined parts are overviewed. The existing researches relating 
to the primary surface integrity characteristics, such as surface texture and roughness, 
residual stress, microstructure and microhardness, are reviewed in detail and summarized. 
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In Chapter 3, according to the high requirement of SI for precision-machined parts, a 
quantitatively descriptive model of SI, which considers the effects of surface roughness, 
macrostructure, microstructure, microhardness and residual stress on the functional 
performance (especially fatigue properties), is established based on the SI standard datasets 
proposed by Field and Kahles [15-16]. The characteristic parameters within the SI 
descriptive model are all defined and listed for practical use. Considering the specific parts 
and corresponding machining process, a conceptual framework of the SI model for machined 
parts is proposed according to the nature of surface integrity. This SI conceptual model is 
actually constructed based on the classifications of SI processing parameters, SI 
characteristics and corresponding functionalities (especially fatigue properties). This model 
offers a theoretical basis and feasible framework for evaluation of SI characteristics and 
improvement of fatigue properties for machined parts. 
In Chapter 4, the significance of stress concentration factor and its correlation with surface 
integrity characteristics and fatigue properties are discussed. The empirical equation of stress 
concentration which is mainly caused by machining-induced micro geometrical topography 
and texture is deduced; the calculation of multiple stress concentration which considers both 
macro structural notch and micro surface irregularities is also analyzed. Further, an 
integrated estimating model for SI effective SCF which is featured by surface roughness, 
microhardness and residual stress, is proposed according to linear-superposition assumption 
and existing literature review.  
In Chapter 5, the grinding machinability and surface integrity of a typical 
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difficult-to-machine material, superalloy GH4169, are elaborately studied and evaluated. The 
formation mechanism of each primary SI characteristic and its relationship with surface 
quality are investigated. The effects of grinding wheels and processing parameters on each SI 
characteristic, such as surface roughness, macrostructure, microstructure, microhardness and 
residual stress, are individually analyzed; and these have provided with a guide for ensuring 
the desirable machining-induced SI characteristics of ground superalloy GH4169 parts.  
In Chapter 6, the correlations between each grinding SI characteristic and its fatigue life are 
experimentally investigated by rotary bending fatigue testing for the GH4169 specimens, 
which are ground with the selected grinding parameters range. The applicability and 
accuracy of the computational equations for micro geometrical caused SCF and the 
integrated effective SCF are demonstrated by comparing their results with those calculated 
from Arolas equation [17-21] and validated by the measured fatigue life. 
In Chapter 7, the conclusions and contribution of the research are discussed, and potential 
future work to build on this research is also identified. 
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CHAPTER 2 LITERATURE REVIEW   
2.1 INTRODUCTION 
The ever-increasing demands of precision, performance, reliability and longevity of products 
require the surface quality of a machined part to satisfy more strict manufacturing standards 
as well as adopting more advanced materials. Some structures used in critical applications 
(like aero-engine parts) are being subjected to more severe conditions or extreme 
environments of stress and temperature. Section size of the parts or structures in aircraft 
industry are designed to be reduced in order to meet the goal of light weight; in this situation,   
machined surface conditions or the surface behavior of the part usually have an enhanced 
and more profound influence on its performance. In view of the above-mentioned demands, 
there has been a continued development and use of heat resistant, corrosion resistant and 
high strength alloys in a wide variety of mechanical structural applications, which include 
stainless steels, high strength steels, titanium alloys, nickel-base high temperature alloys, and 
so on. The materials used in the aerospace industry are supposed to be with superior 
properties which also make them really difficult to cut when compared with the normal 
materials. As a result, the machined surface quality for these materials is sensitive to the 
employed manufacturing and machining processes.  
Dynamic alternating load is also one of the most important concerns in the design of modern 
mechanical parts and structures in aircraft. The essential design rule for aerospace-used parts 
is to satisfy both static materials strength and dynamic fatigue life requirement. Fatigue 
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properties play a leading role in the reliability and lifespan for the aerospace parts in service. 
The corresponding design objectives are normally dependent on the fatigue properties of the 
machined parts and structures. Failure analyses of fatigue parts indicate that fatigue cracking 
and subsequent failures almost always nucleate on and propagate from or near the surface of 
the machined part. If the structural configurations, dimensional sizes and the material 
properties are predefined, then the surface quality of a machined part becomes the most 
important factor that affects performance. 
Generally speaking, the global surface quality of a machined part contains two aspects of 
meanings [1]. The first is the geometrically-related surface texture or topography, which 
indicates the outermost geometry of the machined part, mainly involves surface roughness 
parameters and measurement of surface topography; the second is the metallurgical 
alteration produced in a manufacturing process underneath the subsurface layer. Typical 
subsurface metallurgical alterations include a series of chemical, physical and mechanical 
changes such as plastic deformation, microcracks, phase transformations, microhardness, 
tears and laps related to built-up edge formation, residual stress distribution, etc. The effect 
of subsurface metallurgical alterations on the functional performance and fatigue life of 
machined parts is as important as surface texture based on specific applications. To make it 
more clear, the term surface integrity is adopted to describe the machining-induced overall or 
global features and the built-in correlations between the machining processes, the surface 
geometrical and subsurface metallurgical features, and the resultant functional performance. 
Correspondingly, a manufacturing process will produce a machined surface consisting of 
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surface geometrical texture and subsurface metallurgical alterations. Both will influence the 
mechanical behavior and functional performance of the machined part. For example, if the 
machined surface is of rough irregularities, it is likely that the resultant fatigue performance 
of the machined part will be poor; whilst if the residual stress is compressive or if the surface 
layer is work-hardened, the resultant fatigue properties are likely to be good. A well-satisfied 
surface integrity requirement is indispensable to ensure the functional performance of 
machined parts.  
2.2 CHARACTERIZATION AND EVALUATION OF SURFACE INTEGRITY  
Surface integrity was first put forward by Field and Kahles on a technical seminar hold by 
Defense Metals Information Center in 1964 [1]. It describes surface status in terms of the 
service performance and was defined as the unimpaired or enhanced surface condition or 
properties of a material resulting from a controlled manufacturing process. Griffiths also 
later proposed a definition as the topographical, mechanical, chemical and metallurgical 
'worth' of a manufactured surface and its relationship to functional performance from the 
point of view of surface quality and machining process control[2-5]. In this research, 
surface integrity is considered as the integrated surface behavior and condition of a material 
after being modified by a manufacturing process; it describes and controls the influence of 
surface properties or characteristics upon parts functional performance. In 1971, Field and 
Kahles pointed out in their researches that SI requirement was essential to the surface quality 
of machined parts and they emphasized the nature of geometrical and metallurgical 
alterations occurring on the surface and within the subsurface layer for various alloy 
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materials both from conventional and non-conventional manufacturing processes [6]. 
Subsequently, Field and Kahles detailedly overviewed the measuring method for SI 
characteristics at that time, and they ingeniously presented an evaluation model for the 
characterization and assessment of surface integrity [7-8]. This model indicated that the 
surface characteristics and functional performance of machined components could be 
expressed and evaluated both qualitatively and partly quantitatively by three kinds of data 
sets including different primary SI characteristics, which are minimum SI data set (MSIDS), 
standard SI data set (SSIDS) and extended SI data set (ESIDS) as shown in Table 2.1.  
Table 2.1   Three levels of data sets for SI characterization and evaluation  
For the MSIDS, the suggested SI characteristics include surface roughness, macrostructure, 
microstructure and microhardness. With all of the characteristics in MSIDS covered, the 
SSIDS provides more extensive and in-depth information, such as residual stress, fatigue and 
Minimum SI Data Set 
 (MSIDS) 
Standard SI Data Set 
(SSIDS) 
Extended SI Data Set  
(ESIDS) 
Surface texture (roughness) Minimum SI Data Set Standard SI Data Set 
Macrostructure (10x or less)
Macrocracks 
Macroetch indications 
Residual stress distribution 
Fatigue tests (screening) 
Fatigue tests (including 
fatigue design data) 
Microstructure 
Microcracks 
Plastic deformation 
Phase transformations 
Intergranular attack 
Pits, tears, laps& protrusions
Built-up-edge 
Melted & redeposited layers
Selective etch 
Stress corrosion tests Extra mechanical tests: 
Tensile test 
Stress rupture test  
Creep test 
Other special tests (e.g., 
bearing performance, 
sliding friction evaluation, 
sealing properties of 
surfaces) 
Microhardness 
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stress corrosion tests for quite a few critical applications. With all of the characteristics in 
SSIDS covered, the ESIDS offers more detailed and extended data for the design of the 
fatigue test and additional mechanical tests. Fields and Kahless groundbreaking work made 
it possible to systematically investigate surface integrity, and from then on the significance 
of surface integrity was gradually recognized both by the industry and academia. Their work 
also laid the foundation for the establishment and issue of American National Standard of 
Surface Integrity (ANSI B211.1) in 1986 [9].  
Table 2.2  Surface integrity data sets recommended by ANSI B211  
Minimum SI Data Set Standard SI Data Set Remark 
Material, material hardness and heat treatment 
or original metallurgical state Minimum SI Data Set 
More extensive data 
sets to yield data 
suitable for  more 
detailed design is 
beyond the scope of 
this standard 
Process and process intensity level or the 
operating parameters Residual stress  
Surface roughness  
High-cycle fatigue  
S-N curve 
500-l000x magnification cross-sectional 
photomicrograph of the surface with 
reference scale and indication whether the 
view shown is typical or atypical of the entire 
surface. Include comments about any 
metallurgical aberration 
Reference value S-N 
curve or baseline fatigue 
endurance strength of 
material. 
Microhardness traverse 
However, the ANSI B211.1 standard did not completely adopt all of the suggestions 
proposed by Field and Khales considering the state-of-the-art of manufacturing and 
measuring technologies at that time. The ANSI B211.1standard suggested and mainly 
focused on the use of MSIDS and SSIDS; while the ESIDS is only shown and treated as a 
footnote for engineers information in this standard. Furthermore, the MSIDS and SSIDS 
employed in the ANSI B211.1 were simplified to some extent when compared to those 
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proposed by Field and Khales. Two levels of machining intensity, gentle and abusive 
machining, are adopted to differentiate practical processing conditions. To some extent, the 
data sets in the ANSI B211.1 overcome the shortcoming of what Field and Khales originally 
proposed which were mainly based on experimental measurement rather than characteristic 
description. Besides, surface roughness, a microhardness trace and a residual stress profile 
are also explicitly specified and required in this standard [9]. 
2.3 SURFACE AND SUBSURFACE RESIDUAL STRESS  
Surface residual stress is one of the most important characteristics of surface integrity and 
has always been the concern of academic research and industrial application. The residual 
stresses are usually inconvenient to be measured and also difficult to be accurately modelled 
this phenomenon. The machining-induced surface and subsurface residual stress could be 
compressive or tensile, which will bring distinct effects on the surface integrity and service 
performance of the machined parts [10-23]. Initial research on residual stress started in the 
1930s. The main means for investigating residual stress was based on experimental 
measurement; the research concerns mainly focuses on the effect of various manufacturing 
factors (such as cutting heat, machining parameters) on the direction and magnitude of 
residual stress [24-29]. Conventional measuring method for residual stress is a kind of 
mechanical method during which the machining-induced residual stress is released by 
material removal and is then measured by using a strain gauge to obtain the deformation 
amount and the corresponding stress [30-35]. Later, McDonach developed an optical 
interferometry to measure displacement, strain and residual stresses [36]. Li designed a 
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combination of strain gauges (strain rosette techniques) to measure surface residual stress 
[37-39]. Gauthier made use of magnetic Barkhausen noise effects to measure surface 
residual stress on fabricated steels [40]. Nowadays, the main trend of experimental 
measurements of residual stress includes X-ray diffraction method, indentation method, and 
ultrasonic method. As for the study of manufacturing factors influence on the residual stress 
of machined surface, Henriksen firstly investigated formation mechanism of residual stress 
on and below machined surface [41]; Bailey studied the surface damage induced by 
excessive residual stress for maragring steel both under the lubricated and unlubricated 
conditions [42-43]. Liu and Barash studied the surface and subsurface mechanical state 
during chip-removal process with different shear plane angles which was caused by tool 
geometry; they also carried out a qualitative discussion about the formation mechanism of 
residual stress [44-46]. In the 21st century, the means for investigating surface residual stress 
has been largely enriched and finite element analysis becomes a popular alternative for 
residual stress studies. Nasr established a finite element model by using the adaptive 
Lagrange-Euler method and simulated the orthogonal cutting process for AISI 316L stainless 
steel. The detailed analysis about the impact of the tool geometry on residual stress is also 
reported [47]. Obikawa proposed a two-phase finite element model for processing alloys. It 
was evident that the obtained microstructure of the material within the machined surface 
layer had an important influence on the distribution of residual stress [48].  
Machining processes usually leave the machined parts with a surface layer impacted by 
residual stress. Kong investigated the surface residual stress of workpieces machined with 
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different turning parameters and different heat treatment using the X-ray diffraction method 
[49]. It was found that the turning parameters, material types and heat treatment are 
influential to the final distribution of residual stresses. Wang established an orthogonal 
cutting model based on the enhanced Lagrange method and normalized chip separation 
criterion; the relationship between the cutting parameters and the corresponding surface 
residual stress being analysed [50-51]. Their research result shows that a residual tensile 
stress is usually produced because of the combination of excessive heat load and mechanical 
force applied to the workpiece surface. As is well known, surface residual stress has a direct 
influence on the fatigue life of machined parts and fatigue-related analyses have become an 
important field for residual stress research. Tensile residual stress on the machined surface is 
also usually considered as an important factor leading to fatigue crack initiation. When the 
machined surface has excessive tensile stress, the fatigue life of the machined part tends to 
be largely lowered when compared with a surface with compressive stress. Guo analyzed the 
principal causes and factors that may result in the surface residual stress [52]; for different 
causes, possible means that could be used to control the produced residual stress are 
suggested, which has actually provided operational guidance for adjusting surface residual 
stress by manipulating machining processes.  
With the development of computer technology, it is becoming more popular to study the 
surface residual stress and its impact on performance (especially fatigue life) by using both 
advanced experimental measurement devices and finite element numerical technique which 
is gradually becoming an important research direction for surface residual stress. Fang and 
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Zeng had studied a typical orthogonal cutting process by establishing a plane strain FEM 
model with the help of commercial software DEFORM-2D [53]. The workpiece is modelled 
as elastic-plastic and the tool is assumed to be rigid. Chip formation, temperature distribution, 
cutting force variation and residual stress distribution are all investigated by using this FEM 
model. Li investigated the residual stress in the surface layer for hardened steel SKD11 using 
the FE method combined with the experimental results for high-speed end milling [54]. 
2.4 MICROSTRUCTURE AND MICROHARDNESS 
The microstructure of a material is usually studied by using metallographic observation 
methods by which it is possible to qualitatively or semi-quantitatively investigate the 
changes in the state of the microstructure. Currently, researches on digital characterization of 
the microstructure and machining-induced material-altered layer for different difficult-to-cut 
materials are rarely reported. Many researches had mainly focused on the formation of 
hardened white layer on the surface of steels [55-59]. Chou et al investigated the factors that 
lead to the formation of white layer by using both theoretical analysis and experimental 
observation [56]. They concluded that abrupt temperature change, excessive deformation, 
original grain size and material properties are the key factors for the formation of the white 
layer. Barry studied the hardened white layer of high-strength steel of the surface and 
analyzed the reasons for the formation of the white layer [60]. Han made a similar study and 
proposed the thickness of the white layer as an objective of interest, through which the 
formation mechanism of the white layer and the corresponding variation in microhardness 
are clarified [61]. Umbrello proposed an empirical equation for the flow stress for metal 
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cutting and investigated the performance of the white layer and the grey layer by analyzing 
the variation of microhardness [62-63]; this laid the foundation for microhardness and 
microstructure analyses by using the finite element method.  
Nowadays, existing studies on material-altered layers are numerous, but they are not 
systematically organized; some key issues and the correlation between formation mechanism, 
dislocation and phase transformation within the material-altered layers are still not well 
identified. Ezugwu compared the surface damage and corresponding subsurface 
microstructures of G-17 steel and nickel-based high temperature alloy Inconel 718 which are 
machined with different tools [64]; the result suggests that the tool selection and workpiece 
material properties are vital to the surface integrity characteristics of machined parts. Zou 
investigated the machinability of nickel-based superalloy NiCr20TiAl using a Polycrystalline 
cubic boron nitride (PCBN) cutting tool; the machining-induced surface voids, inclusions 
and slip-lines being observed in detail [65]. Further, the machining-induced burrs and its 
chemical composition were analyzed using energy spectral density (ESD). Obikawa [48] 
investigated the relationship between cutting force, surface residual stress and microstructure 
for dual-phase steel using finite element numerical simulation. Fox-Rabinovich studied the 
difference of the microstructure in the material-altered layer of machined parts which are 
processed using a coated and an uncoated tool respectively [66]. They used an optical 
microscope, a scanning electron microscope (SEM), an x-ray diffractometer (XRD), an x-ray 
photoelectron spectroscope (XPS) and a high resolution electron energy loss spectroscope 
(HREELS) and other advanced measuring instruments to observe and compare the difference 
20 
 
in the subsurface microstructure of parts machined by the two types of tools. Although these 
were not relating to quantitative analysis of the microstructure, this research could still help 
to further investigate and characterize the microstructure of the material-altered layer with 
multiple means of experimental observation.  
Lehnert analyzed the changes in the microstructure of aluminum and copper materials 
processed by hot rolling, but their experimental work was based on light microscopy analysis 
and was still not concerned with the quantitative description of the microstructure [67]. Tang 
et al studied and obtained the changes of phase volume fraction in the microstructure using 
numerical simulation method; the correlation between stress, strain and microstructure are 
also established based on the different phase volume fraction. However, characterization of 
microstructure with volume fraction does not apply to the case of single-phase structure [68]. 
Li proposed and summarized three numerical methods for microstructure simulation: namely 
the Monte Carlo method, cellular automata method, phase-field method [69]. These 
numerical methods are implemented in different ways and are mainly used to characterize 
the grain size of microstructure.  
The surface stress state of machined parts will vary when undertaking fatigue loading; the 
subsurface microstructure will also experience variation due to the dramatic changes in 
temperature during the machining process. After machining, the rough surface and 
nonuniform microstructure below the surface will cause uneven distribution of stress within 
the material. Stress concentration is easily generated at these locations and are the main 
factors leading to fatigue crack initiation. Lu et al studied crack initiation under fatigue 
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loading for dual-phase steel [70]. Simultaneously, they also investigated and compared the 
microstructure of 2Cr13 steel using the transmission electron microscope (TEM) when the 
samples experienced different cycles of fatigue. The microscopic explanation for damage 
evolution under low cycle fatigue process is also given.  
From the perspective of micromechanics, Yuan studied the relationship between dislocation 
and the minimum depth of cut when using the rounded cutting tool by using TEM [71]. It is 
found that the main dislocation density will rise with the increase of tool radius; the larger 
the tool radius, the more mechanical deformation occurs and the greater the resultant 
dislocation generates. Yashiro analyzed the dislocation motion at the interface for Ȗ 
precipitation hardening type nickel-base superalloy; numerical simulation being adopted to 
study the dislocation accumulation and grain boundary during the nucleation of the Ȗ/Ȗ' 
interface [72]. Three dislocation motion models are used to reveal the dislocation formation 
at the Ȗ/Ȗ' interface. Tang studied the properties of silicon by means of molecular dynamics 
(MD) simulation technology and atomic force microscopy (AFM) [73]. The result showed 
that the shear strength of the dislocation is much less than the yield strength of the silicon. 
Dlouh studied the dislocation variation of heat resisting nickel-base alloy 
16Cr-10W-4Mo-TiA1 during creep using TEM [74]; the results showed that the dislocation 
movement could be an alternative to well explain the material deformation and 
microhardness change.  
2.5 SURFACE TEXTURE AND ROUGHNESS PARAMETERS 
The actual surfaces of machined workpieces are not completely smooth or flat. They are 
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of the surface roughness component is normally considered to be less than 1mm (Ȝ<1mm); 
the wavelength of surface waviness usually being within in the range of 1mm ~ 10mm; and 
the wavelength of error of form being greater than 10mm(Ȝ>10mm).It is therefore important 
to measure the surface microscopic geometrical characteristics in terms of different 
magnitudes of wavelength. With respect to the measurement of surface roughness, the length 
over which the identification and assessment of this surface microscopic geometrical 
characteristic is made is called the sampling length (SL). In ISO 4287 (1997), the sampling 
length is defined as the length in the direction of the X-axis used for identifying the 
irregularities and characterizing the profile under evaluation. Normally, 5 sampling lengths 
are taken in one traverse of a profilometer and they are taken as one evaluation length (EL). 
The evaluation length is defined as the length in the direction of the X-axis used for 
assessing the profile under evaluation [77-79]. 
From the point of view of microscopy, it is really necessary to have an evaluation standard to 
quantitatively characterize and assess the surface geometrical topography for different 
machined parts [80-83]. Since the 1920s, manufacturing engineers had already noticed that 
surface micro geometrical features, such as the surface roughness of machine parts, have a 
direct impact on the surface performance, especially for parts used in aircraft fuselages or 
aero-engines. For some critical parts that sustaining complex alternating loads, production 
engineers also started to pay attention to studying the effects of the machining-induced 
surface marks or scratches on the reliability and safety. However, limited by the 
measurement techniques at that time, engineers could not quantitatively measure and 
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evaluate the microscopic roughness features on machined surfaces, but only could estimate 
the micro geometrical characteristics visually or by personal experience. In the 1920s and 
1930s, many industrial countries used a combination of triangular denotations  ? to 
differentiate surfaces of distinct machining precision. In order to quantitatively measure the 
microscopic surface roughness and accurately study its effect on the performance of 
machined parts, Germany, the United States and Britain have designed or invented 
mechanical profile trace recorders or profilometers from the late 1920s to the 1930s. At the 
same time, the development of the optical microscope, interferometer and other measuring 
methods or instruments also offered alternative means for theoretical and numerical 
assessment of microscopic surface topography. In the United States, Abbott proposed the 
bearing area curve to characterize the surface roughness and its effect on load bearing [84]. 
In 1936, Schmaltz published his monograph to systematically discuss surface roughness 
which offered practical recommendations for assessment and standardization of micro 
surface roughness parameters [85]. Although the emergence of new assessment and 
computing standards for surface roughness always depended on the actual development level 
of measurement technology, the systematic study of quantitative characterization and 
assessment of surface roughness parameters had actually already entered its fast lane.  
In the 1940s, many countries had constituted their own standards for surface roughness 
measurement and characterization. American National Standard ASA B46.1 was released in 
1940, and after several amendments it finally evolved into the well-recognized American 
standard  ANSI/ASME B46.1-1988: Structure of the Surface Roughness, Surface 
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Waviness and Processing of Grain. The standard adopted the mean-line system and 
proposed the arithmetic average roughness Ra as the main parameters for surface roughness 
evaluation. The former USSR issued a surface roughness standard GOCT2789-1945 as its 
national standard in 1945, and it finally became its national standards, namely surface 
roughness parameters and characteristics (GOCT2789-1973) after three rounds of 
amendment. The mean-line system was used and 6 main parameters were suggested for 
surface roughness evaluation, such as root-mea-square roughness Rq. In 1952, Germany also 
issued two assessment standards DIN4760 and DIN4762 to regulate surface roughness 
parameters and terms in its industry. These national standards all adopted the mean-line 
system and had much in common especially for the calculation of surface roughness 
parameters such as Ra and Rq, which is why they have also become 
internationally-recognized and widely-used parameters in the field of manufacturing. With 
the further development of production and the trend of globalization, ISO sorted out and 
unified these different standards and developed an series of international standards for the 
measurement and evaluation of surface roughness, such as ISO 4287 (1997) and ISO 
13576-2 (1996). Nearly 20 2D surface roughness characterization parameters are given in the 
two ISO standards, in which commonly-used parameters such as arithmetic average 
roughness Ra, root-mean-square roughness Rq and ten point height Rz are all included [77-79]. 
In addition to the characteristic parameters recommended by the international standards, 
Taylor Hobson Ltd (THL) in the UK specifically suggested 24 most commonly used surface 
roughness parameters for industrial application [86]. Apart from parameters identical with 
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the ISO standard parameters, THL also recommended some parameters which are not 
covered by the ISO standard but could satisfy some specific applications in practical 
production. For better understanding and convenience, these 2D surface roughness 
parameters could be divided into the six categories to characterize and describe different 
features or functions of the machined surface: (1) amplitude parameters (relating to heights 
or depths of the surface profile); (2) amplitude distribution parameters (relating to the 
distribution of heights that feature surface shape); (3) slope parameters (relating to the 
differential of surface height); (4) Spatial parameters (relating to the vertical and horizontal 
spacing of surface peaks or valleys); (5) other parameters (combining both amplitude and 
spacing information); (6) MOTIF parameters (based on the surface characteristic shapes). 
In practice, machined surfaces and their related surface quality have been mainly 
characterized and assessed using 2D surface roughness parameters like Ra and Rq. However, 
researchers gradually found that surfaces with the same values of Ra or Rq may be obviously 
different in their micro geometry. This indicates that 2D single-value surface roughness 
parameters are insufficient to completely characterize and describe surface geometrical and 
functional features. For a long time, people have been expecting to use 3D characterization 
and measurement techniques but this required so much processing power and high scanning 
speed that it was commercially or computationally infeasible at the time. With the 
development and improvement of metrology and computer technology in the 1990s, there 
have been significant changes in the way that surface topography can be measured, 
characterized and described in 3D format. Nowadays, it is well accepted that the features of a 
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surface can be well described and interpreted with 3D surface texture and related 
characteristic parameters, considering that important features are likely to be missed out or 
misinterpreted by only using 2D surface roughness parameters. Pfestorf studied two kinds of 
textured metal surfaces which are produced by laser and electron beam textured (EBT), and 
concluded that the common 2D parameters were unsuitable for clearly characterizing and 
differentiating surfaces with deterministic geometrical features (patterned or structured) [87]. 
Considering that 2D measurements may restrain the recognition of wear-related surface 
features, Anamalay adopted a laser scanning confocal microscope instead of a 2D 
profilometer to observe and measure 3D surface texture although the geometrical features 
were still calculated and characterized with principal 2D surface roughness parameters [88]. 
Dong et al also found that 2D characteristic parameters might be misleading when describing 
a natural 3D surface [89]; therefore, a 3D surface analysis system was adopted to study the 
surface topography at the estimated contact regions for metal pipe joints. The result shows 
that 3D characterization is essential for the prediction of joint performance. It has also 
suggested that the parameter rash that occurred in 2D surface roughness parameters should 
be avoided by standardizing 3D parameters before this technique became widely used [81]. 
This reflects that it is necessary to check the functional significance of the newly proposed 
3D parameters before they are suggested to industrial production and measurement [90].  
2.5.1 2D Surface Roughness Characteristic Parameters 
The aforementioned categorized parameters are mostly included in ISO 13565-2 (1996) and 
ISO 4827 (1997) standards, and are based on the mean-line system [77-78]. When 
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quantitatively measuring and characterizing a 2D surface profile according to the mean-line 
system, it is worthy to notice that the measured values of surface roughness parameters not 
only depend on the positional accuracy of the mean line, but also closely rely on the 
pre-selected sampling length and evaluation length. Considering this, a reasonable sampling 
length is specified before measuring surface roughness to avoid and filter the possible effect 
from waviness that is of longer wavelength. In the International standards, the recommended 
measurement series of sampling length were 0.08mm, 0.25mm, 0.8mm, 2.5mm, 8mm, 
25mm [77-78]. Engineers could choose appropriate sampling length according to the base 
wavelength of the measured surface or the precision of measurement devices. When the 
sampling length is determined, the measured values of surface roughness parameters (e.g. Ra 
or Rz) over one sampling length may be very close to or largely away from that measured 
over another adjacent sampling length. To ensure the measured values of surface roughness 
could accurately reflect the measured surface characteristics, the evaluation length is 
introduced to take account of the effect of undulation of micro asperities over one sampling 
length, and it usually contains 5 consecutive sampling lengths.  
2.5.1.1 2D surface amplitude parameters   
Table 2.3 lists 2D surface roughness amplitude parameters with their standard definitions and 
numerical expressions [5, 77-78, 86]. The mean-line average roughness Ra, also called the 
arithmetic average roughness parameter, is one of the most commonly-used surface 
roughness parameters. It is defined as the arithmetic mean deviation of the assessed surface 
profile over a sampling length according to ISO 4287(1997). The root-mean-square 
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roughness, denoted by RMS or Rq, is an average parameter also, and it is defined as the root 
mean square deviation of the assessed surface profile. Rq is considered as statistically 
significant because it also represents the standard deviation of the surface profile height 
away from the mean line, which means the square of the deviations of the profile height is 
equal to the variance of random variables from its mean value (Rq
2 = ı2). 
Table 2.3  2D surface roughness amplitude parameters  
2D amplitude parameters 
Denotation Name  Remark 
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Rp Max peak height distance from the highest peak to mean line 
Rv Max valley depth distance from the deepest valley to mean line 
With respect to the parameters that measure extremes rather than averages, Rt measures the 
vertical distance from the highest peak to the lowest valley within an evaluation length (see 
Figure 2.2). It is defined in ISO 4287 (1997) as the total height of the profile. The Rt 
parameter is a kind of extreme parameter of a profile. Therefore, it is especially sensitive to 
any abnormal perturbation or disturbances on the surface profile. Another comparatively 
steady parameter which describes the peak-to-valley height is the ten-point height, Rz. It is 
defined as the average value of the five highest peaks and the five lowest valleys within the 
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2.5.1.3 2D surface slope parameters  
Table 2.5 gives the definitions of the 2D slope parameters [5, 77-78, 86]. The RMS average 
parameter
qR' is the only slope parameter included in the ISO 4287 (1997) standard. It is 
defined as the root mean square of the ordinate slopes dz/dx within the sampling length. 
There will normally be five Rǻq values: Rǻq1 to Rǻq5. The Rǻq value is statistically significant 
because it is the standard deviation of the slope profile about the mean line. Furthermore, the 
variance of slope is the second moment of the slope's distribution function. The mean-line 
slope parameter is Rǻa. It is a non-ISO parameter. In theory, this parameter can be just as 
easily calculated from the differentiated profile as from the original profile. 
Table 2.5  2D slope parameters of rough surface profile 
2D slope parameters 
Denotation Name Remark 
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2.5.1.4 2D surface spatial parameters  
Obviously, Ra, Rq etc. are average parameters only describing the surface features on the 
direction of amplitude and they could not differentiate or give more information between a 
peak and a valley along the spacing direction. Table 2.6 gives the definitions of the 2D 
spacing parameters [5, 77-78, 86]. The average peak spacing parameter, RSm, is the spacing 
between peaks over the sampling length at the mean line. It is defined in ISO 4287 (1997) as 
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the mean value of the profile element widths within a sampling length. The high spot count 
parameter, HSC, is the number of peaks that protrude above a section line parallel to the 
mean line within the evaluation length. The line can be above, below or on the mean line. An 
alternative method of defining a peak is with two section lines rather than one (a band). This 
is the case with the peak count parameter, PC, where the profile has to pass above one 
section line and then below another within the evaluation length. HSC and PC are non-ISO 
parameters. As with the HSC parameter, the PC parameter will depend upon where the band 
is placed relative to the mean line. 
Table 2.6  2D spatial parameters of rough surface profile 
2D spatial parameters 
Denotation Name Remarks 
RSm Average peak spacing ¦
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HSC High Spot Count 
Number of peaks which protrude above a section 
line parallel to the mean line 
Pc Peak count 
Number of peaks which pass through a band 
equi-spaced about and parallel to the mean line 
 
2.5.1.5 Other parameters  
Other parameters mentioned here are those that are not suitable to be categorized 
conveniently into the amplitude, distribution, slope or spatial classes given above. Table 2.7 
gives the definitions of 2D other parameters. The RMS average wavelength RȜq is a measure 
of peak spacing taking into account relative magnitudes. This is a weighted average and 
considers a profile as a series of harmonics in which the amplitudes are weighted in 
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proportion to their frequencies. It should not be confused with any peak spacing parameter 
because the two are different. The RMS average wavelength is derived from the RMS 
average roughness and RMS slope, and it is a non-ISO parameter. The mean-line average 
wavelength RȜa parameter is not included in the ISO4287 (1997) standard or the THL booklet, 
but it could be derived as similar to RȜq. Actual profile length, Lo, is the total length of the 
surface. It can be important in things like adhesion. A surface with high peaks and deep 
valleys would have a higher Lo, than those with low peaks and shallow valleys. It is a 
non-ISO parameter and is not included in the THL booklet. If the profile length, Lo, is 
divided by the horizontal component of the profile, the profile length ratio, Lpr, is derived. 
The Lpr parameter of most engineering surfaces is close to unity and typically less than 1.01. 
Table 2.7  Other parameters of rough surface profile 
Other parameters 
Denotation Name Remarks 
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2.5.1.6 2D Surface MOTIF parameters  
Motif analysis is an entirely different way of classifying and defining a surface profile based 
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on experience within the French automotive industry and its suppliers. Its characteristic 
forms or features of the profile are called 'motifs' [5, 77-78, 86]. Because motif analysis 
divides a 2D surface profile into characteristic shapes, it is already a form of filtering. So, the 
advantage of motif analysis is that it needs no sampling length or filtration. The technique is 
defined in ISO 12085 (1996) and its main parameters are listed in Table 2.8 . 
Table 2.8  Motif parameters of rough surface profile 
MOTIF parameters 
Denotation Name Remarks 
RX Largest motif height Maximum value of the profile irregularity H(j) 
R Average motif depth ¦
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2.5.2 Statistical Functions 
A machined surface is usually complex and with random geometrical features at the 
microscopic scale. This is mainly due to the fact that many machining processes, such as 
grinding and polishing, are statistical by nature. To accurately describe and measure these 
surface irregularities, sometimes statistical functions which combine random process theory 
and time series analysis are needed when compared with the single-value statistical 
parameters aforementioned. For example, surface roughness parameters like Ra or Rq are the 
statistical denotations which attempt to quantify one or two aspects of surface geometrical 
features with a fixed or a single value; while the statistical functions are a more powerful 
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valleys below the roughness core profile. It characterizes the oil-retaining capacity provided 
by the deep valleys of surface profile. The parameters RMr1 and RMr2 are peak and valley 
material portions. They are respectively defined as the peak material portion determined for 
the intersection line which separates the protruding peaks from the roughness core profile, 
and the valley material portion determined for the intersection line which separates the deep 
valleys from the roughness core profile.  
Further, considering that machined surface geometrical features being of random nature, 
statistical functions, such as power spectral density function (PSD) and auto-covariance 
function (ACV) methods, will also be necessary to accurately reveal and characterize the 
surface features relating to certain specific application. PSD analysis is useful for studying 
the strengths of various periodic components in the surface profile. It decomposes the 
measured surface geometrical texture/topography into different components of spatial 
frequencies by using the Fourier transform technique (FTT). By computing the amplitudes of 
the frequency components that make up the surface texture, it provides more information 
than single-value parameter such as Ra or Rt do. Mathematically, the PSD is defined as the 
square of the Fourier transform of the measured height of surface texture and it can be 
expressed as:  
2
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0 ])1(2exp[)( ¦
 
 
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j SLjfiZ
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d
fPSD S                    (2.1) 
where i = 1 ; SL is the sampling length; Zj is the surface amplitude function; the spatial 
frequency  is equal to K/L, and K is an integer that ranges from 1 to N/2. 
39 
 
The ACV is defined as the covariance of the random variable against a shifted version of 
itself and indicates how well the shifted surface correlates with the original one and gives a 
measure of the randomness of the surface. In 2D surface profile analysis, ACV is the inverse 
Fourier transform of the PSD data. The amplitude of ACV is a measure of the degree of 
similarity of a surface profile or texture at a given distance from the original location. If the 
shifted surface at a given distance is similar with or identical to the original surface, then the 
value of ACV is close to1; if all peaks of the shifted surface align with corresponding valleys 
of the original one, then the value of ACV approaches -1. When the values of ACV fall 
rapidly to zero along a given direction, the shifted surface profile is different and thus 
uncorrelated' with the surface at the original location.  
2.5.3 3D Surface Texture Characteristic Parameters  
During the practical manufacturing and measurement, it was found that 2D surface 
roughness parameters and statistical functions could not completely characterize and reflect 
the practical surface geometrical features and behavior of machined parts for some specific 
application. 3D surface texture parameters normally have better statistical property than that 
of 2D surface roughness parameters. For example, some important functionality features 
relating to surface friction, wear and sealing, are closely interlinked with 3D surface 
characterization parameters. In order to achieve reproducible measurement results, the 
metrology requires a series of widely recognized and standardized 3D parameters to 
characterize the surface texture and topography. Although there were no well-recognized 
uniform 3D surface measurement and characterization standards, Stout et al proposed a 
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characterization system containing 14 3D surface texture parameters in the early 1990s [89, 
92]. Later, Stoutfurther revised this 3D parameter system and made it finally become a 
recognized characterization standard which is often called the Birmingham 14 (B14) 
parameters [93]. Due to the cost and practical technology level at that time, 3D surface 
texture characterization and relating measurement techniques had not been widely accepted 
and adopted in actual industry except for being researched in the academic and certain 
professional field (e.g. sheet-metal forming for automobile bodies). Nevertheless, some 
academic institutions have always been trying to improve and enrich the 3D surface texture 
parameters characterization system for the establishment of more effective and practical 3D 
surface characterization standards. In the early 2000s, there were two well-known research 
projects funded by the EU on the standardization of 3D surface characterization parameters, 
which were Autosurf coordinated by Brunel University, UK and SurfStand coordinated by 
University of Huddersfield, UK. Autosurf established customized correlations between the 
3D surface geometrical characterization parameters and the coating performance of autobody 
from draw forming [94]. SurfStand verified the actual functionalities of 3D surface 
topography parameters and revised the meaning of 3D surface topography through a series of 
case studies, which laid the foundation for the establishment of a new ISO standard for 3D 
surface topography. SurfStand also proposed and added another three 3D parameters to the 
original B14 parameter system, and finally extended the Birmingham 14 3D surface 
texture parameters characterization system to Huddersfield 17 (H17) system [95]. In the 
H17 parameters characterization system, there are 2 height parameters, 2 height distribution 
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parameters, 4 spatial parameters, 3 hybrid parameters and 6 functionality parameters. The 
majority of 3D surface characterization parameters in the H17 system parameters have been 
adopted by the latest international standard for 3D surface texture characterization [96-98]. 
Considering the 3D nature and related functional requirement of the machined surface, 
reasonable use of 3D measurement and characterization techniques can give a comprehensive 
understanding of the processes by which surfaces are machined. Generally, some of the 
commonly-used 2D surface roughness parameters are suitable and easy to be extended to the 
corresponding 3D surface texture parameters. However, for some specific particular 
functional properties of a machined surface, new 3D surface parameters are also needed to 
be developed. Compared with 2D surface roughness parameters denoted with a letter R, 
the 3D surface texture parameters start with a letter S. For example, Sq, the root mean 
square deviation of the surface, is an extension of 2D surface roughness parameter Rq. It is a 
dispersion parameter defined as the root mean square value of the surface height deflection 
off mean plane within the sampling area [5, 92-93, 95-98]. Statistically, it is the standard 
deviation of the height distribution and can be expressed as: 
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Sa, the arithmetic mean deviation of the surface, is an extension of 2D surface roughness 
parameter Ra [5, 92-93, 95-98]. It is a dispersion parameter defined as the average value of 
the surface departures within the sampling area and can be expressed as: 
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Sz is the ten-point height over the complete 3D surface and it is also an extension of 2D 
surface roughness parameter Rz [5, 92-93, 95-98]. It is an extreme parameter defined as the 
average value of the absolute heights of the five highest peaks and the depths of five deepest 
valleys within the sampling area, and it can be expressed as:   
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When a surface is modified by different production processes or wear mechanisms, Sz may 
demonstrate a change sooner than Sa or Sq. 
Ssk, the skewness of surface topography height distribution, is the measure of the asymmetry 
of surface deviations about the mean plane [5, 92-93, 95-98]. Like its 2D counterpart Rsk, this 
parameter can be used effectively to describe the shape of the topography height distribution 
and its expression is:  
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For a Gaussian surface which has a symmetrical shape for the surface height distribution, 
(the value of) SSk = 0. This parameter will give some indication of the existence of spike-like 
features.  
Sku, the kurtosis of surface topography height distribution, is the measure of the peakedness 
of the surface height distribution and it characterizes the spread of the height distribution [5, 
92-93, 95-98]. Sku is an extension of two-dimensional surface roughness parameter Rku and 
its expression is:   
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A Gaussian surface has a kurtosis value of 3. A centrally distributed surface has a kurtosis 
value larger than 3 whereas the kurtosis of a well-spread distribution is smaller than 3. By a 
combination use of the Ssk and the Sku, (together with other parameters), it is possible to 
identify and differentiate surfaces which have a relatively flat top and deep valleys.  
Sal, the fastest decay autocorrelation length, is a parameter in length dimension used to 
describe the autocorrelation characteristic of the areal auto-correlation function (AACF). It is 
defined as the horizontal distance of the AACF which has the fastest decay to 0.2 [5, 92-93, 
95-98]. In other word, Sal is the shortest autocorrelation length where the AACF decays to 
0.2 in any possible direction. For an anisotropic surface, Sal is in a direction perpendicular to 
the surface lay. A large value of Sal denotes that the surface is dominated by low frequency 
(or long wavelength) components, while a small value of Sal denotes the opposite situation. 
Sal can be express as  
)min( 22 yxalS WW  ,   in which 2.0),(~ dyxR WW                 (2.7) 
Str, texture aspect ratio or isotropy index of the surface, is a spacing parameter and is used to 
identify texture strength, e.g. uniformity of texture aspect [5, 68-69]. Mathematically, it is 
defined as the ratio of the fastest to slowest decay to 20% of the correlation length of the 
AACF. In principle, Str has a value of between 0 and unity. Large values of the ratio indicate 
uniform texture in all directions, i.e. no defined or clear lay. Smaller values (Str<0.3) indicate 
an increasingly strong directional structure or lay. It can be express as:   
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Std, the texture direction of surface, is a spacing parameter and is not an extension of any 2D 
surface roughness parameter. This parameter is used to determine the most pronounced 
direction of the surface texture with respect to the Y axis within the frequency domain, i.e. it 
gives the lay direction of the surface. Thus, a surface with a lay along the Y axis will have Std 
= 0 degree. 
Sǻq is a hybrid parameter and is the root-mean-square value of the surface slope within the 
sampling area [5, 92-93, 95-98]. It is expressed as:  
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Ssc is the arithmetic mean summit curvature of the surface [5, 92-93, 95-98]. It is defined as 
the average of the principle curvatures of the summits within the sampling area. It can be 
expressed as:  
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Sdr, the developed interfacial area ratio, is also a hybrid parameter and is defined as the ratio 
of the increment of the interfacial area of a surface over the sampling area [5, 92-93, 95-98]. 
45 
 
Sdr reflects the hybrid property of surfaces. A large value of this parameter indicates the 
significance of either the amplitude or the spacing or both, and it can be expressed as: 
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in which the area of an element is 
yx
),(),(
1A
22
, dd
y
yxz
x
yxz
d ji ¸¸¹
·
¨¨©
§
w
w¹¸
·
©¨
§
w
w                   (2.12) 
Sbi, the surface bearing index, is a functional parameter and is defined as the ratio of the Sq 
parameter over the surface height at 5% bearing area [5, 92-93, 95-98]. It can be expressed 
as: 
05.005.0
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bi   K . A large value of the parameter indicates a good bearing property. 
Sci, the core fluid retention index, is a functional parameter and is defined as the ratio of the 
void volume of the unit sampling area at the core zone (5-80% bearing area) over the Sq 
parameter [5, 92-93, 95-98]. It can be expressed as:  
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A large Sci parameter indicates good fluid retention (in the core zone). For a Gaussian surface, 
this index is about 1.56.  
Svi, is a functional parameter and is the valley fluid retention index. This is the ratio of the 
void volume of the unit sampling area at the valley zone (80-100% bearing area) over the Sq 
parameter. A large Svi indicates good fluid retention in the valley zone:   
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in which, ),( ji yxz is the surface height at coordinate (xi, yi) on the sampling area; M is the 
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number of sampling points along x direction within the sampling area; N is the number of 
sampling points along the y direction within the sampling area. 
2.6 SURFACE INTEGRITY FOR DIFFICULT-TO-MACHINE MATERIAL  
The main research scope and application of surface integrity focuses on the systematic 
analysis of the effects of different machining processes or processing chains on the final 
surface properties and consequent part performance, especially for the difficult-to-machine 
material widely adopted in the automotive and aerospace industries [99-102]. By 
implementing and analyzing a large number of single-factor or multi-factor 
orthogonally-designed machining experiments with different machining parameters, the 
surface integrity characteristics (such as surface geometrical texture, microstructure, residual 
stress, microhardness) and their impact on parts service performance (especially fatigue 
properties) are investigated. This procedure also can determine the manufacturing sensitivity 
to the machining process and condition for certain difficult-to-machine material. If the state 
of the surface layer or the magnitudes of the surface integrity characteristics vary slightly 
with the corresponding change of machining process parameters or conditions, then this 
material is considered as insensitive to the machining process and condition. Accordingly, 
the corresponding machining processes or process chains for this kind of material could be 
more efficient by improving the material removal rate or by adopting highly-effective 
machining methods to reduce the cost of machining time. 
By applying surface integrity requirements, design and production engineers could 
effectively ensure the surface quality and final performance of machined parts by earlier and 
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better control of the corresponding processing parameters or machining conditions. However, 
implementation of surface integrity requirements and relating machining process control 
needs to accurately measure a large number of surface integrity characteristics from a series 
of single-factor or multi-factor orthogonally designed machining experiments, which will 
undoubtedly increase measuring costs and lower production efficiency. Therefore, the 
surface integrity requirements are normally compulsory to some key parts demanding high 
performance or only applied to the critical locations affecting the functionality of key parts; 
for ordinary parts without any specific demands, it is usually unnecessary to adopt the 
surface integrity machining and measurement standard due to the unwanted time and 
measurement cost. From an overall optimal perspective in manufacturing, if the 
manufacturer could manage to ensure the high surface integrity of key parts or at their 
critical locations and relax the processing requirement for the rest of majority of non-critical 
parts or locations, then the reliability of and the global production cost for manufacturing this 
kind of product are likely to be controlled and lowered. For example, the surface roughness 
requirement for different kinds of linking rods used in aero-engine is within a comparatively 
large range (such as 0.32~6.1ȝm); but their concerned fatigue strengths are sometimes found 
to be insensitive to their processing condition and working environment. According to 
economical and reliable surface integrity requirement, the manufacturer may relax the 
surface roughness requirement for many rods from the originally designed Ra= 0.8ȝm to 
more easy-to-achieve Ra=1.6~3.2ȝm or ever larger (as long as it wont affect its functionality 
and could keep working safely), and only apply high-standard machining process to some 
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key rods. Due to less restriction in processing control, the overall machining cost could be 
reduced by approximately 10% as well as keeping good functionality for the engine. 
Generally, the global production cost could be effectively controlled or lowered without 
compromising the functional performance of the machined products if the surface integrity 
requirement and evaluation are well applied. 
2.7 SUMMARY  
The advance in characterization, measurement and assessment of surface integrity for high 
standard machined parts are overviewed. The existing researches relating to the primary 
surface integrity characteristics, such as residual stress, microstructure and microhardness, 
surface texture and roughness, are reviewed and summarized. Although the concept of 
surface integrity has been proposed for quite some time, there has always been lack of 
effective and convenient quantification means for accurately evaluating surface service 
performance; the previous researches mainly focused on the effect of single or two to three 
kinds of SI characteristics on the mechanical properties or surface performance of the 
machined parts; there is still no systematic research into an integrated model which could 
actually cover 5 primary SI characteristics and evaluates their overall effect on the 
performance of machined parts, especially for some difficult-to-machine materials used in 
extreme environment such as aero-engine-used high-temperature alloys. Besides, the 
industry had actually realized that the manufacturing processes and machining parameters 
could adversely or favorably affect the surface integrity of machined parts, but they dont 
know how the rationale rules. To fill the gap in the field of global surface integrity 
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evaluation based on primary characteristics and to bridge the connection between industry 
and academia, a surface integrity (SI) descriptive model which could digitally and 
quantitatively define the primary surface integrity characteristic parameters for accurately 
describing their influence on functionality is needed. Considering the surface and subsurface 
integrity characteristics interact with each other and jointly determine the functionality of 
machined surfaces or parts, a generalized surface integrity model or framework for better 
understanding the interactions among the machining processes, surface integrity 
characteristic parameters and service performance, and effectively evaluating the quality and 
performance of machined component, is also expected. This research will manage to achieve 
these demands based on theoretical analysis and validated by grinding and fatigue 
experiment of GH4169 superalloy. 
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CHAPTER 3 SURFACE INTEGRITY CHARACTERISTIC PARAMETERS 
AND ITS DESCRIPTIVE MODEL  
3.1 INTRODUCTION 
The primary concern for the machined parts used in aerospace is to achieve the desirable 
strength and reliability requirements. Machined surfaces along with their relating 
geometrical, mechanical and physical characteristics usually play a leading role in 
determining the reliability and fatigue life of the practical parts in service. Sometimes, 
people may wonder why researchers and investigators have paid so much attention to the 
surface of a machined part but not the bulk sections. The answer to this question is actually 
obvious in that most machined parts fail starting from just the surface of the parts and finally 
result in malfunction in practice. The modes of failure may be shown as excessive plastic 
deformation or adhesive wear, surface cracks initiation, cracks growth, and final fracture [1]. 
Usually, once the overall structural configuration, geometrical size and material types are 
selected and fixed, the machining-induced global surface quality, which is also referred to as 
surface integrity (SI), will become the most important factor that affects the functionality and 
fatigue performance of a machined part.   
Generally speaking, surface integrity includes at least two levels of content [1-2]. The first 
level is mainly the surface geometrically-related information which indicates the outermost 
geometrical features of the machined part and mainly covers surface roughness and texture; 
another is principally the physical, chemical or mechanical-related properties and 
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3.2 DESCRIPTIVE MODEL FOR SURFACE INTEGRITY  
With the development of modern manufacturing industry, quite a few advanced 
manufacturing and machining technologies for complex surface generation are proposed; 
many new metrological apparatuses and measuring methods are also correspondingly 
developed. As is well known, most of the traditional 2D surface roughness parameters only 
emphasize the geometrical information of a surface profile in the vertical direction but 
neglect some main features on the horizontal directions, which makes them cannot fully 
reflect micro geometrical characteristics and corresponding functional properties of real 
surface texture. Some of the surface roughness parameters defined in the previous standards 
may have been found obsolete and incompetent to the needs of modern metrological 
technology and surface characterization requirements. Although 2D surface roughness 
parameters are already amongst the most important indexes for evaluating the surface 
integrity of machined components, they are not the only ones and it is still necessary to 
develop more functionally-oriented parameters to comprehensively and quantitatively 
describe SI characteristics within the subsurface layer.  
Surface integrity usually provides the link to the service environment in which a part will 
have to function. It was proposed to underline the link between processing and performance 
and furthermore to give an indication of the likely genuineness and reliability of all aspects 
of a manufactured surface. It is generally recognized that SI characteristics have a direct 
influence on the functional performance of machined parts, especially for some key parts 
used in the field of automotive and aerospace industry. The concept of surface integrity has 
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been proposed for quite some time; however, there has always been lack of effective and 
convenient quantification means for accurately evaluating surface service performance. 
Manufacturers are always looking forward to establishing the direct and accurate links 
between the surface integrity characteristics and the functional performance of components 
in service.  
With the progress of modern measurement technology, surface integrity characteristics 
parameters are constantly being enriched and developed. The surface roughness is surely still 
one of the most important indexes for the evaluation of the surface functional performance of 
machined parts. The ever-developing technologies, such us interferometry, SEM and AFM, 
have also enriched the surface roughness characterization parameters and embrace them to 
the industrial-level application along the existing surface roughness standards. Macro- and 
micro-structure within the subsurface layer of machined parts has been reckoned to reflect 
the effects of grain size, plastic deformation, phase transformation, and melt and redeposited 
layer after material-removing processes; both of them are essential to predict the surface 
integrity. The microhardness values on the machined surface and within the subsurface 
indicate the physical and mechanical properties of machined parts after different kinds of 
processing; it is a commonly-used indicator for comprehensive evaluation of surface 
integrity. Residual stress on the surface or within the subsurface will have direct influence on 
the functional performance, especially the fatigue properties of machined parts; it is 
indispensable index for evaluating the surface integrity of some key components used in 
aerospace industry. Based on above-mentioned considerations and combined with the real 
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demand and practical manufacturing condition in specific applications in industry (especially 
the fatigue performance of machined parts in aerospace industry), a surface integrity 
descriptive model, which covers the specific descriptions and detailed definitions for the 
primary SI characteristics, such as surface roughness, macro and microstructure, 
microchardness and residual stress, is proposed, as shown in Figure 3.2, based on the surface 
integrity datasets proposed by Field and Kahles and ANSI B.211 standard [6-10].  
 
(a) The primary characteristics within SI descriptive model 
 
 
(b) Specific parameters of each primary SI characteristic  
Figure 3.2  SI characteristic descriptive model 
The proposed SI descriptive model not only includes the specific quantitative parameters of 
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the primary SI characteristics (e.g. the surface roughness characteristics will include surface 
roughness standard parameters such as Ra, Ry, Rz and Rsk as shown in Figure 3.2(b)), but also 
cover the typical characteristics measurement methods, the information of measured data 
format and digital denotations which will make them easy to derive and follow. The SI 
characteristics parameters in the descriptive model are defined to digitally denote or 
quantitatively represent their physical and geometrical features. With this model, any SI 
characteristic data from different machined materials could be collected, analyzed and saved 
for further exploiting and data- mining.  
As above-mentioned, surface roughness characteristic parameters have always been one of 
the most important and widely-used methods for quantitatively describing and evaluating 
surface integrity of some key parts. With the ever-developing of surface generating and 
measuring technology, numerous 2D surface roughness characteristic parameters with 
different application-oriented functionalities have been proposed and adopted during the last 
60 years. In view of both specific and general requirements of surface integrity evaluation, 
the digital representations and the measurement means for the descriptive parameters of 
surface roughness characteristics within the surface integrity descriptive model are listed in 
Table 3.1. Both 3D and 2D surface topographical parameters can be measured by using a 3D 
optical interferometer (Veeco NT1100) in one step. Considering that the measurement area 
of 3D optical interferometer is quite limited and the cleanness requirement for the specimen 
surface is demanding, 2D surface measurement with a surface profilometer (such as TR240 
profilometer) is also an alternative for surface profile parameters. 
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Table 3.1  Descriptive parameters for surface roughness characteristic 
SI 
Characteristics 
Specific descriptive parameters         Measurement 
surface 
roughness      
2D parameters          3D parameters          
Using stylus 
profiler, 
optical 
profilometer or 
SEM to scan 
and measure 
the sample 
surface. e.g. 
Veeco NT1100 
3D optical 
profilometer is 
adopted to 
measure 
multiple 2D 
and 3D surface 
roughness 
parameters     
(a) amplitude parameters  
caverage roughness   Ra   
dRMS roughness     Rq   
eten-point height     Rz   
fmax peak height    Rp   
gmax valley depth    Rv    
hmax peak-to-valley  Rt    
(b) functional parameters  
cskewness         Rsk   
dkurtosis          Rku   
(c) Slope parameters 
cRMS slope       Rǻq   
(d) Spacing parameters    
caverage spacing on 
mean line          RSm  
dhigh spot count   HSC  
(a) amplitude parameters   
cRMS roughness      Sq   
dten-point height      Sz   
emax peak height     Sp    
fmax valley depth     Sv   
(b) functional parameters   
c3D skewness       Ssk   
d3D kurtosis        Sku   
(c) spacing              
csurface texture aspect 
ratio               Str    
dsurface texture direction 
Std   
eFastest decay length of 
ACF               Sal   
(d) Hybrid               
c3D RMS slope     Sǻq   
The machining-induced high temperature usually leads to microstructural or metallurgical 
transformations at the surface layer or within the subsurface during the cutting process. This 
alteration may affect some functional performances (such as fatigue life) of the machined 
components. Therefore, it is extremely necessary to accurately measure, characterize and 
analyze the microstructure both on the surface and within the subsurface for the surface 
integrity of machined components. The main means for the microstructure and metallurgical 
research are qualitative observation and comparative analysis using metallograph, SEM 
pictures and other non-quantitative descriptive methods. In the proposed surface integrity 
descriptive model, digitalized expressions are adopted to denote and characterize the physics 
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characteristics related to SI microstructure analysis. This actually offers at least a kind of 
quasi-quantitative method to investigate microstructural characteristic and give more 
accurate prediction or evaluation of the functional performance of the machined components. 
Within the surface integrity descriptive model, the detailed quantitative characterization 
parameters and measurement methods for macro and microstructure are as shown in Table 
3.2 and Table 3.3. 
Table 3.2  Descriptive parameters for macrostructure characteristics 
Characteristics  Specific descriptive parameters Measurement        
               
Macrostructure 
(<10X)     
(a)macro crack   
(b)inclusion     
               
(a) macro crack                
ccrack length        l         
dcrack width        d         
e metallograph                
(b) inclusion                  
cdiameter          dXl           
ddispersion density   ȡXl           
Magnifying the sample to 
5-10X with metallographic 
microscope or optical 
microscope. Observe and 
calculate surface 
characteristic parameters with 
low-magnification 
microscope and image 
processing technology        
Table 3.3 gives microstructure characteristic parameters for quantitative characterization of 
surface integrity. Surface microstructural changes can be measured by metallographic optical 
microscopy, scanning electron microscopy (SEM) and transmission electron microscopy 
(TEM). It is worthy to be noted that the microstructure characteristics may not be present 
simultaneously in certain particular processing conditions. For example, it is impossible to 
quantitatively characterize built-up-edge (BUE) relevant characteristic parameters for 
electron-discharge-machined (EDM) surface, because there will be no built-up-edge (BUE) 
occurring during the EDM process; while it is unnecessary to care about 
intergranular-attack-related characteristic parameters for a mechanically-cut surface because 
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there is rarely intergranular attack occurring during non-chemical cutting [11]. 
Table 3.3  Descriptive parameters for microstructure characteristic 
Characteristics  Specific descriptive parameters       Measurement   
Microstructure  
(a)microcrack     
(b)plastic 
deformation       
(c)phase 
transformation     
(d)intergranular 
attack            
(e)pits, tears, laps 
protrusions       
(f)built-up edge    
(g)melted and 
redeposited layers  
(h)material-altered 
layer            
(a) microcrack         
c metallograph         
ddepth of microcrack  
hMC                  
ewidth of microcrack  
dMC                  
(b)plastic deformation   
cdistorted thickness of 
grain dTor             
dgrain aspect ratio after  
distorted k             
emetal streamline 
direction f             
fdislocation density ȡd   
(c)phase transformation  
cvolume fraction of 
phases ĳ              
dTEM pictures         
(d)intergranular attack   
clength of eroded grain 
boundary lEGB          
ddepth of eroded grain 
boundary hEGB          
(e)pits, tears, laps 
protrusions            
cpit depth       hPi  
dsurface area of pit sPi  
e tearing-off length lT  
f tearing-off angle șT  
glap length lL        
hprotrusion height hPr  
(f) built-up edge       
cBUE angle    șBUE  
dBUE height   hBUE  
dBUE area     sBUE  
(g)melted & 
redeposited layers     
cmelted grain diameter 
lXd                  
darea of redeposition 
sRD                  
eheight of redeposition 
hRD                  
(h)Material-altered 
layer                
cthickness of MAL 
hB                   
ddeflection angle of 
grain  șGD            
Magnifying the 
metallograph to 
500-1000X and 
observing various 
potential SI 
microstructure 
characteristics 
preparing TEM 
sample and 
finding dislocation 
and calculating 
dislocation 
density, estimating 
the composition of 
phase and its 
fraction proportion 
Hardness is an important performance-related index/indication for assessing the abilities of 
material that resists plastic deformation or fracture damage. Hardness is not a simple 
physical quantity but an integrated indicator representing the material plasticity, strength, 
toughness and even other mechanical properties. For a freshly machined component, its 
surface or subsurface microhardness may vary 
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chemical changes and mechanical deformation happening during cutting. At the same time, 
the magnitude of surface microhardness will directly affect some mechanical properties of 
machined components, including friction and wear resistance, fatigue resistance and so on. 
Quantitative study of the effect of surface microhardness change could guide the parts 
machining processes and finally help to achieve the desirable surface integrity requirements. 
The microhardness of a machined surface could usually be tested by using a microhardness 
tester (such as an EverOne sclerometer). The basic procedure for microhardness (Vicker 
Hardness, HV) measurement could be as follows:   
1) apply the normal load to the rectangular pyramid diamond indenter (cone angle of 136°) 
and press it into the surface to be measured;  
2) calculate the samples Vickers hardness HV1 according to the indentation area left on the 
surface of the sample;  
3) use inclined plane method or chemical etching method to measure the microhardness over 
the depth direction and underneath the surface of sample with a specific distance; repeat this 
step until reach to the depth of bulk material; 
4) draw the distribution curve of microhardness with the increase of depth under the sample 
surface   
Table 3.4 gives the typical characteristic parameters for microhardness. By measuring 4 key 
points as shown in Figure 3.3, it is possible to describe how the microhardness varies with 
the change of depth below the machined surface. The key points on the curve represent the 
SI characteristic parameters for microhardness. 
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Figure 3.3  Variation of microhardness with the depth below surface  
Table 3.4  Descriptive parameters for microhardness characteristics 
Characteristics Specific descriptive parameters    Measurement     
Microhardness  
c microhardness at surface       HV1  
d thickness of hardened layer     hHV  
emicrohardness of bulk material  HV0  
fdistribution of microhardness vs depth 
(micro hardness profile)         HV-h  
Microhardness could be 
measured by applying 
Vicker indentation on 
the  sectional area of 
metallurgical sample    
Residual stress is the remaining effect of stress in the solid body of machined parts after 
removing all the external loading such as mechanical load, temperature change or thermal 
load caused by energy radiation. In addition to affecting the basic size and shape, the 
presence of residual stress will also have a direct impact on the fatigue performance of the 
machined parts. A typical distribution curve of surface residual stress varying with the depth 
below the surface is shown in Figure 3.4. By measuring the key points on the distribution 
curve, the basic properties of the produced surface residual stress are derived. The magnitude 
of surface residual stress in the depth direction is usually measured using an X-ray 
diffractometer combined with a chemical-etching peeling method, removing the material 
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from the machined surface layer-by-layer. The key points on the residual stress distribution 
curve are illustrated in Table 3. 5. 
 
 
 
Figure 3.4  Variation of residual stress with the depth below the surface 
Table 3.5  Quantitatively descriptive parameters for microhardness characteristics 
Characteristic  Specific descriptive parameters       Measurement   
residual stress 
(RS)      
csurface RS                ıR0            
dpeak tensile RS            ıTMax           
edepth of reverse RS         hr0            
fpeak compressive RS      ıCMax           
g thickness of RS layer      hR             
hdistribution of RS vs depth (RS profile)  ıR-h  
XRD and surface 
chemical etching 
peeling method are 
used to measure RS 
Unfortunately, the presence of surface residual stress generally goes unrecognized until a 
malfunction or failure occurs. The influence of surface residual stress on parts performance 
may be either beneficial or detrimental, depending upon its magnitude, pattern and 
distribution. Normally, compressive residual stress is beneficial to fatigue life, creep life and 
resistance to stress corrosion cracking, whereas tensile residual stress is usually detrimental 
to these same properties. 
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From Table 3.2 to Table 3.5, the most concerned and important surface integrity 
characteristic parameters are listed along with their commonly-used measurement methods, 
data formats and denotation. Although the proposed SI descriptive model does not cover all 
of the characterization parameters for each primary SI characteristic considering the actual 
measurement conditions and cost in practical production, it is believed that engineers could 
more easily and efficiently characterize, inspect and evaluate the surface integrity and 
performance by adopting a tabular-form, customized SI descriptive model for a specified 
machining process and material. It is also worthy to notice that in many situations of 
functional evaluation, the subsurface physical characteristics usually have a more profound 
effect on the final performance than that of surface geometrical features such as surface 
roughness. 
3.3 FRAMEWORK OF SI MODEL AND THE BUILT-IN CORRELATION    
The concept of surface integrity actually contains not only related primary SI characteristics 
and corresponding characterization parameters, but also their correlations and mutual effects. 
These require the surface integrity model to be a complex system which involves many 
aspects and various factors interacting and influencing with each other. To fully and 
accurately establish the characterization and evaluation framework of a surface integrity 
model, many influencing factors which define and constitute a SI model system are 
categorized into different sets or classes according to their nature of functionality. These 
classes actually construct the characterization and evaluation framework/system of a surface 
integrity model from bottom to top and from local to global. 
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3.3.1 The Classification of SI Characteristics for Framework of SI Model  
As aforementioned, the SI model is complicated and involves many influencing factors 
which even interact with each other. To establish an integrated and effective architecture for 
the description and evaluation of SI, qualitative classification and quantitative definition of 
these abstract factors, which finally construct the framework of SI model from the local to 
global and from the bottom up, are indispensable. The detailed classification and defined 
data sets are discussed as follows. 
Assuming all of the SI characteristic parameters belong to a data set called SI characteristic 
class and denoted as SIC, then it could be expressed as 
SIC=SIC (SIC1,, SICj)                          (3.1) 
where SICj represents the jth characteristic of SI. Based on above-mentioned research and 
standard of the SI,  j=1, , 5 and SIC1,, SIC5 are representatives of surface roughness, 
macrostructure, microstructure, microhardness and surface residual stress respectively.  
As one of the primary SI characteristics, surface roughness SIC1 is represented and described 
by numerous 2D and 3D surface parameters such as average roughness Ra, peak-to-valley 
height roughness Rt, 10-ponit roughness R and so on. However, it is impossible to cover all 
of these 2D and 3D description parameters in a practical model. Thus, it is better to 
preferentially choose some of the parameters which are usually considered to have a direct 
effect on the final fatigue performance of parts or other kinds of application, so that:   
SIC1 = SIC1(R1,, Ri)                         (3.2) 
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where i=1, , 17 and R1,, R17 are the selected 2D and 3D surface roughnessparameters. 
They are sequently Ra, Rq, Rz, Rp, Rv, Rt, Rsk, Rku, Rǻq, RSm for 2D description and Sq, Sz, Sp, Sv, 
Ssk, Sku, SSm for 3D description [4].  
If the correlation between different characteristic parameters is considered, then there would 
be a SI characteristic domain which is composed of two levels of content: one is the set 
containing all of the values of SI characteristic parameters belonging to the SI characteristics 
class which meet the specific requirement of fatigue performance; another is a set in which 
the networking and relationship among different characteristic parameters are included. 
3.3.2 The Classification of SI Machining Processes for Framework of SI Model  
Assuming the employed manufacturing process parameters for SI machining are all included 
in a set called SI process conditions class, P, then it could be expressed as: 
P=P(P1,, Pj)                                  (3.3) 
in which Pj represents the j
th machining process condition adopted and j=1, , n. For 
conventional cutting process schemes, P1,, P4 stand for turning, milling, grounding and 
drilling respectively. 
For each of the cutting process Pj, it also contains specific influencing factors such as the 
tools type and geometry, cutting control parameters, coolant and lubricant and so on, all of 
which have a direct effect on the SI characteristics and fatigue performance of machined 
parts. Taking turning process as an example, then all the factors affected could be 
categorized and defined separately.  
Assuming the tools type and geometry for turning constitute a date set denoted by D, then:  
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D=D(D1,, Di)                                 (3.4) 
where Di represents the ith tool parameters. For turning, i=1, 2, , 4 and D1, , D4 represent 
tool geometrical parameters: tools type, tool nose radius, tool rake angle, clearance angle 
respectively. 
Assuming all of the cutting control parameters for turning constitute a data set denoted by 
C, then: 
C= C(C1,, Ci)                                   (3.5) 
where Ci represents the change of ith cutting control parameters. For turning, usually i=1, 2, 
3 and C1, C2, C3 stands for the cutting speed vc, feed rate fz and cutting depth ap respectively. 
Assuming the cutting coolants and lubricating means for turning constitute a data set 
denoted as L, then 
L=L (L1,, Li)                                     (3.6) 
Li indicates the ith specific methodemployed for cooling or lubrication. Usually, L1,, Li 
stands for dry turning, oil fog cooling and lubrication, fluid nitrogen cooling, water cooling 
and lubrication, etc.  
After all of the preparation for definition and classification, the SI process conditions class 
for turning process could be further expressed as 
PTurning=P {P1 [D(D1,, D4), C(C1,, C3), L(L1,, Li) ] }           (3.7) 
Assuming there is a corresponding SI process conditions domain, then it would be composed 
of two parts: one is the set in which all of the processing conditions and cutting parameters 
belonging to the SI process conditions class and meeting final criterion of fatigue 
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performance; another is a set in which the correlation between different processing 
conditions and cutting parameters are included. 
3.3.3 The Classification of SI Fatigue Performance for Framework of SI Model  
Assuming the functionalities of the final machined parts constitute a data set called SI 
functional performance class and denoted as F, then  
F=F (F1,, Fi)                           (3.8) 
where Fi represents the ith fatigue property parameter. Generally, i=1, 2 and F1, F2 represent 
the fatigue limit of material and the corresponding number of stress cycle to fatigue failure.  
The qualitative classification and digital definition of these abstract factors that affect the SI 
requirement of machined parts make the framework of the SI model be much clearer as 
shown in Figure 3.5. In this architecture, the SI process conditions domain is made up of the 
SI process conditions class and its correlations inside. SI characteristic domain is composed 
by the SI characteristic class and the correlation among the characteristics. The final SI 
model could be taken as a top element constituted by the SI process conditions domain and 
SI characteristic domain together with their accumulated database of processing parameters 
and evaluation standard based on SI characteristics. 
After defining and classifying all of the abstract factors that affect the SI requirement of 
machined components, the image of the SI model is going to be clear as shown in Figure 3.5. 
In this architecture, the SI Process Conditions Domain is made up of the SI process 
conditions class and its internal correlation. The SI Characteristic Domain is composed of 
the SI characteristic class and the correlation among the characteristics. The final SI model 
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could be taken as a top constituted by the SI process conditions domain and SI characteristic 
domain together with their accumulated database of processing and evaluation system. 
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Figure 3.5  The framework of the SI model and its built-in correlation  
Different manufacturing processes and corresponding machining parameters will produce 
different SI characteristics on the surface and within the subsurface of the machined parts. 
Obviously, the SI characteristics produced in a machining process will have a direct 
influence on its subsequent fatigue properties of the parts. According to Figure 3.5, 
reasonable control of process conditions and cutting parameters will result in high quality of 
SI and consequently better reliability and functional performance of the machined 
components. This is an especially important consideration for the machining of key 
aerospace components. This framework of the SI model offers a theoretical basis and some 
feasible approaches for the control of the surface integrity and functional performance of 
machined parts. 
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3.4 SUMMARY  
The SI descriptive model which covers the primary SI characteristic parameters and the 
appropriate measurement selections is established based on the relevant surface integrity and 
functional performance requirement in practice, which also make the desired and accurate 
assessment of surface quality achievable. The surface integrity descriptive model not only 
digitally and quantitatively defines the primary SI characteristics, but also accurately 
describes and characterizes the surface geometrical feature and physical functionality. It is 
actually an integrated framework for the measuring, characterizing and assessing of surface 
integrity. In this model, surface and subsurface characteristics will interact with each other 
and finally determine the functionality of the machined surfaces or parts. The proposed 
framework of the surface integrity model enables a better understanding of interactions 
among the machining processes, surface integrity characteristic parameters and service 
performance, which will finally help to control and avoid detrimental influences on the 
machined surface. 
In the following of the thesis, the significance of stress concentration factor (SCF) and its 
correlation with surface integrity characteristics and fatigue properties will be discussed in 
Chapter 4. The computational equation of SCF which is mainly caused by 
machining-induced micro geometrical topography and texture, the calculation of multiple 
stress concentration which considers both macro structural notch and micro surface 
irregularities, and the integrated estimating model for SI effective SCF which is featured by 
surface roughness, microhardness and residual stress, are proposed to evaluate the partial or 
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CHAPTER 4 SURFACE TEXTURE AND ITS STRESS CONCENTRATION 
EFFECT ON SURFACE INTEGRITY   
4.1 INTRODUCTION  
Surface texture, sometimes also known as surface roughness or surface topography, has been 
considered as one of most important indexes for assessing the surface quality of machined 
parts. Surface roughness and its relevant parameters also belong to the five primary 
characteristics which are defined in SI descriptive model for comprehensive evaluation and 
assessment of surface integrity of machined parts. For a long time, surface roughness 
requirement (for example Ra) has always been taken as the most convenient and imperative 
means for quality control of machined parts in practical production. This is because the 
surface roughness parameters not only have been well defined in terms of uniform ISO 
standard and are equipped with relatively mature measurement devices, but also they could 
be used to conveniently reflect the effect of stress concentration caused by the variation of 
surface micro geometrical texture on surface properties, especially the fatigue performance 
of the machined parts. Existing standards for characterizing and measuring the surface 
topographical features of machined parts are mostly based on the 2D quantitative surface 
roughness parameters. 
As is well known, a machined surface is not completely smooth even if it is machined by the 
most advanced ultra-precision machining methods. There is a variety of microscopic 
asperities and defects which actually constitute the real surface texture or topography on the 
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machined surface. All of these microscopic surface geometrical features, such as machined 
marks, lays, peaks and valleys, will directly affect contact bearing properties, interfacial 
friction and lubrication properties and the fatigue performance of the machined parts [1]. For 
some critical parts used in extreme applications, e.g. the key parts used in automobile or aero 
engines which need to withstand high temperature and alternating loads, the 
machining-induced surface marks, or micro grooves, are a kind of stress raisers and will 
reduce the fatigue strength of machined parts in service. Many previous researches have 
already shown that machined surfaces with larger values of surface arithmetic average 
roughness, Ra, normally have much severer stress concentration and the corresponding 
fatigue life of the parts is usually much shorter than those of a smoother machined surface 
[2-8]. However, some other researchers have found that the surface roughness parameters is 
not the only principal factor that affects the surface stress concentration and fatigue 
propertied of machined parts [9-11]. Obviously, there are other aspects strongly influencing 
the physical and mechanical properties of machined parts. Therefore, systematic analysis and 
study of stress concentration caused by micro-surface-topography and its effect on the 
eventual fatigue performance is imperative to the secure application of critical parts. 
4.2 STRESS CONCENTRATION EVALUATION BASED ON SURFACE 
TEXTURE  
4.2.1 Definition of Stress Concentration Factor (SCF)  
During the machining process, the cross-sectional area of the machined part will vary 
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slightly with the moving of the cutting tool and the corresponding machining marks, such as 
micro notches or lays, will be finally left on the machined surface. If a machined part is in 
service and undertaking external loading, the local stress at the locations with macroscopic 
cross-section change or even microscopic notches, will increase abruptly. This factor is 
especially prominent for some high strength metals [9, 11]. The phenomenon that produces a 
higher working stress than the nominal stress due to the local geometrical size change is 
called stress concentration. Locations with geometrical size change or discontinuities, such 
as pre-designated macroscopic structural shoulders, holes or notches for specific parts, and 
machining-induced microscopic grooves for the machined surface, are also referred as to 
stress risers in structural stress analysis. Generally speaking, stress concentration may occur 
in any structure or machined parts and the surface stress risers are often the locations of the 
initiation of material damage or cracking. This damage will ultimately propagate to fracture 
failure under the practical load. For brittle materials, their static strength is slightly larger 
than the ratio of the maximum working stress to the value of stress concentration factor at 
the pre-designated notch where brittle fracture occurs. For ductile materials, the stress 
concentration has no effect on its static strength due to the plastic flow and the redistribution 
of stress inside the material. Considering that many materials used in the actual engineering 
structures are ductile and elastic-plastic, the effect of stress concentration weakening the 
static strength is normally not taken into account. However, if the external load applied is 
cyclic or alternating, the weakening effect of stress concentration on the fatigue properties of 
a machined part becomes very important. In practical application, the nominal stress value of 
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the alternating load applied on a machined part is usually less than the yield strength of the 
material and the global structure is in the elastic state on the whole. However, the material at 
the locations near the micro notches or grooves actually has already entered into a plastic 
state due to the presence of stress concentration which enormously increases the actual stress 
value at the stress raiser locations. At the same time, the fatigue strength of a machined part 
will mainly depend on its local stress-strain state at the weakest locations. Usually, the stress 
concentration raiser is the weakest link or the location undertaking the largest load, and it in 
fact determines the final fatigue life of a machined part [12-14]. Considering all of these 
factors, it is important to realize the ubiquity of stress concentration and is necessary to 
quantitatively analyze the overall and local stress behavior of critical parts, especially those 
for some extreme applications, such as the rotor blades or vanes used in aero-engine under 
high pressure, high temperature and even with chemical corrosion.   
Stress concentration factor (SCF) is mathematically defined as the ratio of local maximum 
stress to the average or nominal stress, and is conventionally denoted by K [8, 12-14]. 
Usually, the extent of stress concentration at the locations with micro or macro notches could 
be expressed by using the theoretical stress concentration factor Kt or Kts as follows: 
nom
max
 stress   nominal
  stress emax tensil local
V
V tK    for tensile or bending    (4.1) 
nom
max
 stressshear  nominal
stressshear max  local
W
W tsK     for torsion              (4.2) 
where the stress ımax and Ĳmax represent the maximum tensile and shear stresses at the local 
notches or grooves when the actual load is applied on the sample part; while ınom and Ĳnom are 
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reference normal and shear stresses. It is noted that the theoretical stress concentration factor 
Kt is actually defined in terms of the practical condition of working stress. The value of Kt 
represents the ratio of the actual working stress at the specific location to the nominal stress 
and it is notable that it does not exactly mean the reduction extent of fatigue strength of a 
machined part. Although theoretical stress concentration factor Kt may have influence on the 
final fatigue property of the machined parts, it is insufficient to fully describe and calculate 
the degree of reduction on the fatigue strength due to stress concentration effect. Hence, the 
effective stress concentration factor Kf, also known as the fatigue strength reduction 
coefficient, is introduced. The effective stress concentration factor Kf is defined in terms of 
the fatigue strength of a machined part as follows:  
notch
e
 
 
S
S
K f        for tensile or bending             (4.3) 
notch
e
  
 
W
W fsK        for torsion shear                 (4.4) 
in which Se is the tensile fatigue strength of the smooth specimen without any obvious 
notches or geometrical discontinuity; Snotch is the tensile fatigue strength of the specimen 
with designed notches or geometrical discontinuity; Ĳe is the shear fatigue strength of the 
smooth specimen without any obvious notches or geometrical discontinuity and Ĳnotch is the 
shear fatigue strength of the specimen with designed notches or geometrical discontinuity. 
These equations represent the degree of reduction of the fatigue strength of the machined 
part due to geometrical discontinuities no matter if it is caused by the pre-designed macro 
structural size change or by the machining-induced micro notches or surface texture.  
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In general, there is a greater difference between the theoretical stress concentration factor Kt 
and the effective stress concentration factor Kf, both in terms of their basic definitions or in 
the ways of acquisition. Theoretical stress concentration factor Kt is based on elasticity 
theory and was originally derived by the experimental measurement with the photo-elasticity 
method, or by using the finite element method. Theoretically speaking, it only depends on 
the surface geometry of the machined part and has nothing to do with materials or working 
conditions. That is why Kt is also known as the shape factor, which represents the increased 
times/folds of actual working stress at the locations with abrupt geometrical size change. The 
effective stress concentration factor Kf represents the reduced times/folds of fatigue strength 
which has been weakened under specific operating conditions such as torsion or bending 
load, high temperature or high strain rate and so on. Kf depends on many factors such as 
surface status, material metallurgy, internal defects, chemical composition, specimen size, 
load property and working environment as well as theoretical stress concentration factor Kt. 
Obviously, the most direct and reliable method that determines Kf is to carry out fatigue test 
for the machined specimens, but the costs of the fatigue test are quite high and it is 
sometimes impractical. Further, the experimentally-derived Kf is size-dependant and it could 
not be directly applied to a specimen of the same material but with different size or shape. 
Even if the size and shape for different materials specimen are the same, the actual Kf will be 
distinct because of diverse material sensitivity to the stress concentration effect. Considering 
all these limitations, it is more common in engineering practice to use an empirical equation 
method to firstly determine Kf, and then to estimate the fatigue strength or life based on Kf.  
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4.2.2 Stress Concentration Estimations Based on Micro Surface Geometry  
It is now well accepted that the surface micro geometrical feature of a machined part will 
profoundly affect its fatigue performance especially for some hard-to-machine materials. 
Different kinds of stress concentration factors, which are dependent on the surface roughness 
parameters measured and acquired from the surface texture, are also proposed to assess the 
effects of micro surface topographical geometry and subsurface mechanical status on the 
fatigue properties. From the point view of surface integrity requirement and assessment, the 
fatigue properties of a machined part are actually influenced by the machining-induced 
surface integrity characteristics as well as by the fatigue limit of the material itself. In 
engineering practice, an appropriate correction coefficient, which could both take account of 
the effects of machining-induced surface geometrical texture and subsurface 
physic/mechanical properties, is employed to estimate the actual fatigue limit of the 
machined parts. As seen in Figure 2.2, standard surface roughness amplitude parameters (e.g. 
arithmetic average roughness Ra, maximum peak-to-valley height Rt and ten-point height Rz) 
could be used as correction coefficients to account for the effect caused by micro surface 
geometrical topography. 
However, only using these surface roughness height parameters is insufficient to overall 
characterize and calculate the effect of surface texture features on the fatigue properties of 
the machined parts in some situations. For example, if two 2D surface profiles, a saw-tooth 
surface A and a semi-circle surface B, are of the same height amplitude as shown in Figure 
4.1, then they will have the same values of the corresponding surface roughness height 
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parameters (such as Ra, Rt and Rz) in terms of the height their definitions. However, they 
have different root radius of profile valley, ȡ. The saw-tooth surface A with smaller root radii 
of valleys (here ȡ=0) obviously causes much severer stress concentration than does the 
semi-circle surface B (here ȡ=c). Also, this geometrical difference may give the two 
machined surfaces different functional performance when they are undertaking load bearing 
or fatigue test.  
Figure 4.1  The saw-tooth and semi-circle surface profiles for machined parts 
Although the standard surface roughness parameters provide a simple and convenient way 
for the quantitative characterization of some specific surface profiles, it is still not accurate 
enough to evaluate the degree of stress concentration and assess the consequent fatigue 
property of the machined surface by means of these height parameters only. In practical 
application, the effect of pre-designated macro geometrical discontinuities on the local stress 
state and fatigue property of a mechanical part could usually be represented based on the 
stress concentration factor such as Kt and Kf. Therefore, it is analogous and feasible to 
quantitatively estimate the influence of machining-induced micro surface texture on fatigue 
property of a machined part based on specialized surface micro stress concentration factors. 
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For an infinite rectangular plate with single shallow semi-elliptical notch subjected to axial 
tensile load as shown in Figure 4.2(a), its theoretical stress concentration factor at the local 
notch could be express as  
U
t
K t 21                                 (4.5a) 
in which t is the depth of the notch and ȡ is the root radius of the notch [13-14]. 
Figure 4.2  Stress concentration of an infinite plate with a single notch and multiple notches 
If there are multiple semi-elliptical notches on this plate as shown in Figure 4.2(b), then all 
these successively neighboring notches will produce a comparatively weakened overall 
degree of stress concentration than the single notch does at the bottom of the notches. Hence, 
its theoretical stress concentration factor Kt for the infinite plate could be expressed as:  
UO
t
K t  21                                (4.5b) 
in which Ȝ is the ratio of spacing to height of the surface irregularities or notches. As shown 
in Figure 4.2, Ȝ=b/t.  
As abovementioned, for a mechanically machined part, its machining-induced micro surface 
bb
d 
ȡ 
t 
 
 
(a)
(b)
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geometrical texture is analogous with or could be compared to a miniaturized surface profile 
which is composed of a series of small successive notches as shown in Figure 4.2(b). 
Considering that the average height t of the micro notches from the machining-induced 
surface texture are hardly accurately measured in practice, Neuber proposed a 
semi-empirical equation for evaluating the micro surface stress concentration factor for the 
machined surface by using standard surface roughness height parameters [15]. The 
relationship between empirical stress concentration factor and surface geometrical 
parameters of the micro notches or grooves are expressed as follows:  
UO
z
Nt
R
nK  1,                            (4.6) 
in which Rz is the ten-point height of the machined surface; ȡ is the root radius at the valley 
of the surface; Ȝ refers to the ratio of spacing to the height of surface irregularities; n 
represents different load types or stress states: n=1 represents shear load, while n=2 
represents tensile or bending load. This empirical equation could be analogously used to 
evaluate the extent of stress concentration caused by the micro surface topographical features 
produced in machining processes. However, it is still difficult to accurately determine the 
value of Ȝ for a surface with random texture or topography. For a mechanically machined 
surfaces, Ȝ=1 is suggested for a secure engineering calculation. 
Arola studied the micro surface texture effect on the stress concentration and consequent 
fatigue strength for fibre-reinforced plastics (FRPs) composite and titanium alloy, and 
suggested an alternative equation for stress concentration factor evaluation [16-20]. Inspired 
by this equation, an empirical equation for equivalent stress concentration factor caused by 
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the micro surface texture (in terms of surface roughness parameters) is proposed. In order to 
mathematically establish the empirical equation for evaluation of the equivalent stress 
concentration factor, the machined surface is assumed to be an ideal sinusoidal curve as 
shown in Figure 4.3(a). Its amplitude is denoted by a and the wavelength is denoted by 2ʌ·l. 
According to the knowledge of plane geometry, if the root radius of the notch at the valley of 
surface profile happens to be equal to the curvature radius of the dashed ellipse at the vertex 
of its major axis, the equivalent root radius of the notch could be calculated as 
tdad // 22   U . As shown in Figure 4.3, t  equals to the length of major axis of the 
ellipse, a; d is the equivalent half width of notch and equals to the length of minor axis of 
the ellipse. Substituting it into Eq. (4.5a), the theoretical stress concentration factor for the 
specific elliptical notch could be expressed as:  
 
d
t
K norst 21  ,   (for single notch)              (4.7a) 
Considering the different extent of stress concentration for the surface with multiple and 
successive micro notches, the nominal stress concentration factor of the ideal sinusoidal 
surface profile could be derived by substituting it into Eq. (4.5b): 
d
tt
K norst   OUO 2121  ,   (for multiple notches)          (4.7b) 
If this ideal sinusoidal surface profile is subjected to different types of stress loads (such as 
shear load and tensile load), then its equivalent notch height t can be assumed and expressed 
as na, in which n=1 means the ideal sinusoidal surface subjects to shear stress from torsion 
loads; n=2 represents the ideal sinusoidal surface subjects to normal stress from tensile or 
bending loads. The equivalent notch half width d could be approximately equal to the 
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length of semi-circular arc, US  , which is inscribed to the bottom of the notch, as  
Figure 4.3  Ideal surface with sinusoidal profile and its inscribed ellipse 
shown in Figure 4.3(b). Based on these assumptions and approximation, the micro surface 
stress concentration factor caused by the tiny valleys or notches can be expressed as: 
SUO
na
K st  21    (for micro valleys and notches)           (4.8) 
If a surface profile meets the sinusoidal function distribution of z=a·cos(x/l) as shown in 
Figure 4.3(a), then its average roughness equals to S/2d1
0
axz
L
R
L
a   ³ . Therefore, Eq. 
(4.8) will reduce to:  
UO
a
st
R
nK  1                            (4.9a) 
Eq.(4.9a) is suitable for evaluating the micro geometrical texture caused stress concentration 
factor for a surface which is overall parallel to the profile mean line within its evaluation 
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length. To estimate the SCF for a random surface geometrical texture, a correction 
coefficient needs to be introduced to ensure that both surface roughness and waviness 
information are all included. For the situation that the surface contains superimposed 
roughness on the waviness, the ratio of max peak-to-valley height Rt to ten-point height 
roughness Rz is introduced to rectify the corresponding evaluation of the micro geometrically 
caused SCF. For an ideal sinusoidal surface profile, the ratio of Rt /Rz is equal to 1 as shown 
in Figure 4.3(a). Similarly, for the surface profile of a periodic waveform, e.g. a triangular 
wave or a square wave, Rt /Rz will also approximate to 1 if there is no large waviness over the 
measurement length. However, for the surface profiles of large waviness and roughness as 
shown in Figure 2.2, Rt and Rz values will deviate with each other and the ratio of Rt/Rz will 
precisely reflect this surface amplitude variation along the height direction. Therefore, the 
theoretical stress concentration factor Kst caused by machining-induced micro surface texture 
change can be expressed with standard surface roughness parameters as:  
))((1
z
ta
st
R
RR
nK UO                          (4.9b) 
Accordingly, the Kst caused by the machining-induced micro surface texture could also be 
further deduced based on Eq.(4.8) and it is obviously sensitive and largely dependent on the  
values of machining-induced surface roughness parameters. Compared to the regular shapes, 
the average spacing parameter RSm of the surface texture could be approximately equivalent 
to the micro notch width b for the machining-induced random surface texture; the ten-point 
height parameter Rz of surface texture is approximately equivalent to the notch height t of the 
machining-induced random surface topographical feature. Thus, the ratio Ȝ=b/t approximates 
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to the value of RSm/Rz, that is Ȝ=b/t §RSm/Rz. Substituting it into Eq. (4.9), the theoretical 
stress concentration factor for the machining-induced random surface texture, Kst, can be 
expressed as 
))(()(1))((1 5.0
z
ta
z
Sm
z
ta
Kst
R
RR
R
R
n
R
RR
AK UU |            (4.10) 
U  is the equivalent root radius of valleys and represents the average value of root radii 
measured from several prominent profile valleys; RSm is the average spacing of the micro 
surface asperities or peaks. Assuming O nAK , it actually has already considered the 
effect of load types on surface stress concentration. It is noted that the surface stress 
concentration factor calculated from Eq.(4.10) totally includes the average spacing of the 
micro asperities RSm, equivalent root radius of valleys U , arithmetic average roughness 
parameters Ra, ten-point height parameter Rz, and max peak-valley height parameters Rt. It 
actually means that the effect of surface geometrical topography, both in the horizontal 
direction and the height direction, are counted in the evaluation of micro surface stress 
concentration factor. It is also worthy to mention that all of the needed surface roughness 
parameters can be conveniently obtained by using white light interferometry (WLI) and it 
will definitely facilitate the evaluation of the stress concentration factor in industrial practice.   
In view of different materials and geometries having a distinct degree/extent of sensitivity to 
stress concentration and fatigue strength, the effective fatigue stress concentration factor 
KEF_NS could be estimated by using theoretical stress concentration factor Kt and notch 
sensitivity coefficient q as follow:  
)1(1_  stNSEF KqK                           (4.11) 
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materials which are brittle or of high-strength, the value of q is large and KEF_NS approaches 
Kst, which means this kind of material is sensitive to stress concentration by micro surface 
geometrical texture. Normally, for a material of good plasticity and ductility, the value of 
KEF_NS is from 1.05 to 1.3; for steels and superalloys, their values of notch sensitivity 
coefficient q are normally higher because these kinds of materials are more sensitive to the 
stress concentration, and their effective fatigue stress concentration factor KEF_NS is 
consequently larger than that of materials of good ductility [8]. 
When it comes to assessment of surface integrity and relating performance of 
precision-machined parts, the stress concentration caused by surface micro texture will have 
a profound influence on the ultimate fatigue property for notch-sensitive materials. Good 
control of the machining parameters and conditions could effectively reduce the effect of the 
surface stress concentration factor on fatigue property of the machined parts. 
4.2.3 Measurement of Surface Micro Geometry and Evaluation of 
Corresponding Stress Concentration  
4.2.3.1 Measurement of the effect of equivalent root radius on surface texture   
Reasonable and precise measurement of machining-induced micro geometrical features, 
which could help to accurately estimate the real stress concentration factor, is extremely 
important for the evaluation of surface integrity and fatigue performance. 
For a surface profile which is expressed by a continuum function z=f(x), its curvature radius 
at the lowest valley is the inverse of the curvature Kcurve 
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NT1100 are as follows: measuring domain 736×480, sampling interval 165.2ȝm, cut-off 
frequency 0.8mm. 
According to Eqs. (4.10) and (4.11), the stress concentration factor Kst which is caused by 
machining-induced micro surface texture and the effective fatigue stress concentration factor 
KEF_NS which also considers the effect of material sensitivity, are calculated based on the 
measured surface roughness parameters for this series of ground specimens. These results are 
compared with those calculated by the empirical equation proposed by Arola [16]. The final 
results are as shown in Table 4.1. By taking into account the material property, the values of 
effective fatigue stress concentration factor KEF_NS are lower than those of the stress 
concentration factor Kst caused by machining-induced micro surface texture. The relative 
errors for the estimated Kst compared with the Kt from the Arola empirical equation are all 
smaller than 11.74%. 
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Table 4.1  The orthogonally-designed external-grinding experiment and the SCFs evaluation for the ground GH4169 cylindrical specimens  
 Grinding parameters  Surface geometrical characteristic parameters measurement SCFs evaluation 
Sample 
No. 
vw 
(m/min) 
ap 
(mm)
vs 
(m/s)
Ra 
(µm)
Rq 
(µm)
Rz 
(µm)
Rt 
(µm)
RSm 
(µm) 
ȡ1 
(µm)
ȡ2 
(µm)
ȡ3 
(µm)
U  
(µm)
Kt 
(Arola)
Kst 
e1 
(%)
KEF_NS
* 
CG1 8 0.005 15 0.2589 0.259 2.13 2.4 2.535 1.34 1.73 1.78 1.617 1.372 1.394 1.57 1.383 
CG2 8 0.01 20 0.2977 0.298 2.54 2.94 3.091 1.53 1.26 1.33 1.373 1.455 1.554 6.77 1.536 
CG3 8 0.015 25 0.2214 0.260 2.3 2.55 2.812 2.08 2.4 2.37 2.283 1.293 1.238 4.30 1.233 
CG4 8 0.02 30 0.3132 0.299 2.87 3.35 2.996 2.49 1.92 1.26 1.890 1.277 1.395 9.29 1.386 
CG5 12 0.005 20 0.2103 0.210 1.77 1.9 2.911 1.43 1.74 1.56 1.577 1.211 1.367 12.9 1.357 
CG6 12 0.01 15 0.2601 0.268 2.14 2.35 2.761 1.7 1.62 4.91 2.743 1.209 1.236 2.28 1.233 
CG7 12 0.015 30 0.3191 0.289 2.54 2.71 3.022 1.65 1.26 1.71 1.540 1.409 1.482 5.22 1.469 
CG8 12 0.02 25 0.2345 0.2423 2.35 2.73 3.131 1.7 1.53 2.59 1.940 1.222 1.324 8.40 1.317 
CG9 16 0.005 25 0.2546 0.268 2.04 2.2 3.121 1.42 1.93 1.28 1.543 1.289 1.440 11.69 1.428 
CG10 16 0.01 30 0.2372 0.232 2.03 2.21 3.181 1.58 1.78 2.59 1.983 1.187 1.326 11.74 1.319 
CG11 16 0.015 15 0.2165 0.293 2.01 2.2 3.299 1.43 1.26 1.75 1.480 1.288 1.410 9.45 1.398 
CG12 16 0.02 20 0.2195 0.296 2.1 2.32 3.235 1.86 2.05 3.89 2.60 1.168 1.231 5.41 1.228 
CG13 22 0.005 30 0.2349 0.247 2.19 2.32 3.126 3.98 1.7 2.1 2.593 1.146 1.229 7.24 1.225 
CG14 22 0.01 25 0.2204 0.285 1.99 2.06 2.868 1.36 1.77 1.3 1.477 1.296 1.371 5.8 1.360 
CG15 22 0.015 20 0.2400 0.257 2.04 2.21 2.04 2.21 2.47 1.83 2.170 1.218 1.277 4.91 1.272 
CG16 22 0.02 15 0.2576 0.324 2.07 2.2 2.07 2.2 2.08 1.96 2.08 1.237 1.297 4.83 1.291 
*Material constant Į for GH4169 is calculated in terms of Eq. (4.17) and Į=0.0446mm. The ultimate tensile strength for GH4169 is about 1500Mpa. 
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4.3 STRESS CONCENTRATION EFFECT BASED ON SURFACE AND 
SUBSURFACE CHARACTERISTICS  
Section 4.2 discussed the establishment of evaluation of stress concentration factors based on 
surface geometrical topography or texture. These SCFs mainly depend on the surface 
roughness parameters and the equivalent root radius of the valleys which are derived from 
surface micro geometrical measurement. Therefore, the evaluation of these SCFs principally 
reflects the effect of surface micro geometrical features on practical fatigue properties. 
During the machining processes, in addition to the micro surface geometrical features/texture 
produced on the surface, there are also accompanying phenomena such as material work 
hardening, microstructure transformation and residual stress change happened within the 
subsurface layer of material. These factors will also affect the ultimate fatigue strength of 
machined parts just as does surface roughness. An integrated model, which considers the 
effects of primary surface integrity characteristics (including surface roughness, 
microhardness and residual stress) on the stress concentration and consequent fatigue 
performance of machined parts, is becoming essential for the design and prediction of the 
fatigue properties of the key parts used in the fields of automotive, aircraft and aerospace 
industry. 
For some widely-used aero-engine materials such as titanium alloys or superalloys, the 
influencing weight factors of the surface roughness, surface microhardness and residual 
stress on the stress concentration and resultant fatigue strength could be empirically 
determined according to collecting and analysing a large number of existing experimental 
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data. For example, in a high temperature environment, each characteristic of surface integrity 
for a ground part will have a different influencing weight on the fatigue strength of 
superalloys. The extents of the reduction of the fatigue strength for superalloys caused by 
surface roughness, surface hardening and surface residual stress are separately given as 
shown in Figure 4.6, under the working conditions: loading frequency 5000Hz, working 
environment temperature 800~900°C and stress cycle 106 ~108 [21-23]. It is shown that the 
extents of influence from surface roughness, surface hardening and residual stress account 
for around 50%, 40%~45% and 5%~10% respectively. Some researchers have indicated that, 
if the surface roughness Ra of the machined parts could be kept in the range of 0.16ȝm ~ 
5ȝm, then the above-mentioned influencing weight factors will remain stable in most of 
situations, no matter how the physical or mechanical statuses change within the ground 
surface and subsurface [21-23]. However, it should be noted that this kind of proportional 
relationship is obtained experimentally and empirically from some types of materials under 
specific testing environments. For many materials, most of the machining-induced residual 
stress will be released and the microhardness of surface layer will also correspondingly 
decrease when the working environment temperature is high (e.g. above 800°C). In this 
situation, the effect of surface roughness on the actual stress concentration and resultant 
fatigue performance will dominate and take a main role. If the fatigue testing is carried out at 
room temperature, the extent of the effect from the residual stress and work-hardening layer 
on the fatigue strength will be higher than those for the high temperature situation as shown 
in Figure 4.6 [21-23].. 
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 (a) low/medium-cycle (<106)                       (b) high-cycle (108)   
Figure 4.6  The influencing proportions of surface integrity characteristics on fatigue 
strength degradation for ground superalloy part above 800°C)  
(surface roughness: blank; surface hardening: shade line; residual stress: crosshatch) 
As is well known, it is insufficient to determine the fatigue performance of a superalloy only 
according to a certain surface integrity characteristic. The characteristic parameters from 
surface micro geometry and subsurface material alterations should be considered as a whole. 
This means the surface integrity characteristics, such as surface roughness, surface 
microhardness and residual stress, will act together and contribute a combined effect on the 
actual stress concentration and the fatigue strength of parts. For convenience in engineering 
practice, it is assumed that each surface integrity characteristics will have a linear 
superposition effect on the ultimate fatigue strength of machined parts. Combined with the 
experimental data shown in Figure 4.6, an integrated equivalent fatigue stress concentration 
factor, KIEF, which comprehensively considers the effect of surface geometric texture and 
subsurface material alterations for a machined part suffering fatigue alternating load, is 
proposed and represented as follows: 
RHVstIEF KKKK VEEE  321                  (4.16) 
50-55% 
35-45% 
5-12%
69-71% 
23-27% 
4-6%
 104
in which Kst is the stress concentration factor caused by the machining-induced surface 
geometrical texture variation; KHV is the stress concentration factor caused by the surface 
microhardness variation; KıR is the stress concentration factor caused by the surface residual 
stress variation; ȕ1, ȕ2 and ȕ3 are corresponding weight coefficients. For low or medium-cycle 
fatigue testing (e.g. Nf <=10
6) with high temperature, it is suggested that ȕ1=0.7, ȕ2=0.25, 
ȕ3=0.05; while for the high-cycle fatigue testing (e.g. Nf >=108) with high temperature, it is 
suggested that ȕ1=0.5, ȕ2=0.4, ȕ3=0.1 [21-23]. 
For the stress concentration factor caused by cyclic or work hardening, Reference [24] 
suggested KHV could be expressed as follows:  
      HnstHV KK
 1
1
    (for materials of high notch sensitivity)        (4.17) 
or  Hn
stHV KK
 3
2
    (for materials of low notch sensitivity)        (4.18) 
Eqs. (4.17) and (4.18) reflect the extent of equivalent stress concentration caused by cyclic 
work hardening along with micro-geometrical texture. nH is the cyclic hardening exponent 
and 
bsHn VV /1 .   
For the stress concentration effect caused by surface residual stress, KıR is proposed as:  
st
s
R
R KK  V
V
V
0
                              (4.19) 
in which ıR0 is the measured value of surface residual stress, ıs is the yield limit of the 
material. If the surface residual stress ıR0 is tensile stress and larger than the ultimate tensile 
strength ıb of the material, the excessive tensile stress will cause the surface of the part to 
produce a crack and results in an abrupt drop of fatigue strength. If the surface residual stress 
ıR0 is tensile stress and ıs<ıR0<ıb, the tensile stress will cause the material near to the local 
 105
surface to yield and lower the actual fatigue strength. If the surface residual stress ıR0 is 
tensile and 0<ıR0<ıs, the residual stress will overlap with the applied alternating load and 
make the nominal fatigue strength reduced and the extent of stress concentration increased. 
If the surface residual stress ıR0 is compressive and ıR0<0, the compressive stress will in fact 
counteract a partial effect of the applied alternating load and make the nominal fatigue 
strength improved and the actual effective stress concentration factor to further decrease. 
4.4 MULTIPLE STRESS CONCENTRATION EFFECT  
For a part or specimen that does not contain a pre-designated macro notch, its theoretical 
stress concentration Kst caused by the micro surface texture characteristics (such as machined 
marks, lays or roughness) is usually slightly greater than 1. For a part or specimen with 
macro structural size change, such as a fatigue testing sample with pre-designated 
geometrical notches, its stress concentration caused by the macro structural notches is 
usually an integer and larger than 1, e.g. Kt1 =2, 3, or 5. If the fatigue performance of a 
specimen with macro notches is to be accurately assessed, the stress concentration caused by 
the macro notches and the superposed micro surface texture both need to be taken into 
account. When there are two or more stress raisers within the structural parts, they actually 
constitute a problem called multiple stress concentration. 
In engineering practice, multiple stress concentration is quite common considering the 
geometric complexity of the machine parts or structures. For an infinite plane with a central 
circular hole and subjected to uniaxial tensile load, as shown in Figure 4.7, if there is also a 
small notch on the edge of the circular hole, then it forms a situation of multiple stress 
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concentration. Due to the presence of the small notch, the SCF at the local point A will be 
higher than that when it only has a central hole. These two different stress raisers will 
actually influence each other and generate a new stress distribution state. 
Figure 4.7  Multiple stress concentration when a small notch overlapped on a central hole 
If the SCF of the infinite plate with a central hole is assumed to be Kt1 and if the SCF of a 
plate with a smaller semi-circular notch on its edge is assumed to be Kt2, there is normally no 
general rule that could define the relationship between Kt1 and Kt2. However, for some simple 
loading situations with regular-shaped notches in engineering applications, finding an 
approximate solution to multiple stress concentration is possible. For example, for the 
situation when the geometrical size of one stress raiser is far smaller than another (as shown 
in Figure 4.7, d/2 >> r, and r is the radius of curvature of the small semi-circular notch), then 
it can be considered that the tiny notch wont affect the global stress distribution of the 
infinite plane with a circular hole but only contribute its stress concentration to the local 
stress field near the notch itself. According to the geometric stress concentration theory 
proposed by Peterson [13-14], the SFC for the infinitely plate with a central hole is Kt1=3.0; 
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while the SFC for a semi-circular notch is Kt2 = 3.06. Considering that small semi-circular 
notch will not strongly affect the global stress field distribution caused by the large central 
hole but only contribute at the local position near the notch area, the stress status near the 
location of the central hole can be hence taken as a tensile plate subjected to stress loading of 
Kt1·ı. Therefore, the peak stress of the small semi-circular notch at the point A could be 
expressed to be Kt2·(Kt1·ı). Finally, the stress concentration factor at A is equal to the product 
of Kt2 and Kt1, i.e. Kt12|A= Kt2·Kt1 = 9.18, for tensile loading. 
If the small semi-circular notch moves from A to B, the value of double stress concentration 
factor for this structure element will be different. According to the geometric stress 
concentration theory proposed by Peterson [13-14], the single theoretical stress concentration 
factor at point B caused by the central hole under this loading situation is -1.0; and the 
overall stress concentration factor at point B caused by both the central hole and the small 
semi-circular notch is Kt12|B = Kt2·Kt1 = -1.0×3.06 = -3.06. 
If the small semi-circular notch moves from point A to point C (the angle from point C to the 
direction of external load is ș = 30°), then the stress concentration aroused from the central 
hole structure under this kind of loading situation is 0. Consequently, the overall stress 
concentration factor for point C is Kt12|C = Kt2·Kt1= 0×3.06 = 0. Thus, once the loading mode 
is determined, the small notches at different positions of the central hole will produce distinct 
degrees of stress concentration [13-14]. For the infinite plate with a central hole subjected to 
uniaxial tensile or bending load, if there is a small semi-circular notch overlapped on the 
circumference with an inclined angle ș to the direction of the external load, then the stress 
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concentration factor at that point can be expressed as:  
Kt12(ș)=Kt2 ·Kt1=Kt2 ·[1-2·cos(2ș)]                       (4.20) 
in which Kt1=[1-2·cos(2ș)] is the stress concentration factor for a point located on the 
circumference of a central hole with an angle ș away from the direction of external load.  
If the geometrical size of the small semi-circular notch is downsized to the order of 
magnitude of the micro surface texture height, and it is assumed to be substituted by a 
surface profile of micro asperities and with its deepest valley at point A, as shown in Figure 
4.8, then the overall stress concentration factor at point A can be expressed as:  
Kt12|A=Kt2 ·Kt1 = Kst ·[1-2·cos(2×90°)] = 3Kst                   (4.21) 
in which Kst is the stress concentration factor that is mainly caused by the 
machining-induced surface texture. 
Figure 4.8  Multiple stress concentration when micro texture overlapped on a macro hole 
If a plate (or a rod) with a regular macroscopic-sized fatigue notch, such as a U-notch or 
V-notch, and if the angle between the direction of machining-induced lays/texture and the 
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lays or texture is ĳ, then it could be assumed that n=1+sin(ĳ); When the load direction is 
perpendicular to the direction of machining-induced lays or texture (i.e. ĳ=90°), then n=2 
and it will bring the most dangerous situation for this structure with the max value of SCF.  
Finally, a comprehensive empirical model for evaluating the SCFs of a ground part subjected 
to uniaxial fatigue loading is proposed and presented in Table 4.2, which considers the 
effects from the machining-induced surface texture, work hardening and residual stresses on 
the surface and within subsurface layer, as well as the effect from the abrupt change of macro 
structural size of the machined parts.   
Table 4.2  The SCFs models for machined parts under various conditions 
 
 
 
(1) 
 
SCF caused 
by machining 
-induced 
micro surface 
texture (and 
pre-designated 
macro 
structure)   
 
 Effective SCFs evaluation for machined fatigue specimen (considering the effect 
of macro notches and overlapped micro surface texture, Kt1 >1) 
Empirical evaluation model Remarks 
(a) Surface theoretical SCF caused by 
machining-induced micro surface texture  
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(b) SFC considering material sensitivity  
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(c) Multiple SCF caused by machining-induced 
micro surface texture overlapped on a macro 
geometrical structure  
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in which Kt1 is the SCF of the pre-designed macro 
geometrical structure, such as a fatigue notch. 
For the multiple stress 
concentration KtMG, it is 
necessary that the size of 
one stress raiser is far 
smaller than another and it 
is better if the surface only 
subjected to simple tensile 
loading. 
 
Material constant Į could be 
related to the ultimate 
tensile strength or be 
derived by checking a chart. 
For steel (ıb>550Mpa),  
)(
2070
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8.1
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b
¸¸¹
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§ VD ; 
For Al, Į = 0.51 mm. 
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(2) 
 
The effective 
fatigue SCF 
which  
considers  
surface 
hardening and 
residual stress, 
as well as 
surface 
geometry 
The integrated effective fatigue SCF which also 
considers the effects from surface hardening and 
residual stress as well as surface geometry 
RHVtMGIEF KKKK VEEE  321  
ȕ1ˈȕ2ˈȕ3 are influencing coefficients.  
KHV reflects the effect from surface hardening: 
)3/(2 Hn
tMGHV KK
 (for notch insensitive material) 
or
)1/(1 Hn
tMGHV KK
 (for notch sensitive material) 
 
RKV reflects the effect from residual stress: 
tG
s
R
R KK  V
V
V
0
 
For the high temperature 
(650ºC) and fatigue cycle
less than 106: 
ȕ1=0.7, ȕ2=0.25, ȕ3=0.05; 
For the fatigue cycle of 108: 
ȕ1=0.5, ȕ2=0.4, ȕ3=0.1. 
nH is hardening index and 
for plastic material, 
bsHn VV /1 ;  
For notch sensitive material, 
bHn VV /1 2.0 .  
0RV  is the measured 
surface residual stress; 
sV is the yield strength. 
4.5 SUMMARY 
This chapter introduced the definitions and concepts of the various stress concentration 
factors including theoretical stress concentration, effective stress concentration and multiple 
stress concentration. An example of measuring and evaluating SCFs for superalloy GH4169 
specimens from an array of orthogonally-designed externally-grinding experiment are given. 
Considering the effect of micro surface geometrical texture on the surface and SI 
characteristics within the subsurface layer of machined parts, an integrated empirical model 
for evaluation of effective fatigue stress concentration factor KIEF is proposed and developed 
based on existing fatigue experimental data for a superalloy working at high temperature 
environment. This model comprehensively takes account into the effects of SI characteristic 
parameters, such as surface roughness, microhardness and residual stress. This chapter also 
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proposed a multiple stress concentration evaluation model which includes the 
machining-induced surface texture effect overlapped on the macro pre-designated stress 
raisers. Finally, a table which includes the proposed SCF empirical estimation models are 
listed and summarized. The feasibility and accuracy of the empirical estimation models are 
validated by using the external grinding experiment for GH4169 superalloy specimens, 
which provides an analytical basis for specific engineering applications, such as 
manufacturing of precise engine-used parts and machining of ultra-finished mirror surface. 
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CHAPTER 5 GRINDING INFLUENCES ON SURFACE INTEGRITY FOR 
GH4169 SUPERALLOY 
5.1 INTRODUCTION 
Superalloy, also known as heat-resistant alloy or high-temperature alloy, usually has 
outstanding high-temperature strength, excellent thermal stability, good corrosion and wear 
resistance. Superalloy can withstand complex stress and work reliably under an oxidation 
and gas corrosion environment even at 600°C-1100°C. Consequently, it is widely employed 
for the hot sections in aero-engines and in the automobile industry [1]. GH4169, a 
representative Ni-based superalloy, has been widely used as turbine discs, monoblock rotors, 
drive shafts, blisk and vane components in the aerospace industry because of it superior 
properties [2-4]. It has a similar composition and mechanical properties with Inconel 718 
(U.S. trademark) and NC19FeNb (France trademark). When machining GH4169 superalloy, 
its combination of properties like high-temperature strength, low thermal conductivity and 
strong work-hardening contributes to its undesirable and poor machinability. Further, its 
surface integrity characteristics and service performance are susceptible to the variation of 
the machining parameters and conditions, which leads to GH4169 superalloy being 
considered as typical difficult-to-machine material. 
Surface integrity provides an effective means of characterizing and assessing the surface and 
subsurface features and related functionality. Different cutting parameters and conditions 
usually will cause variations of the surface integrity characteristics and corresponding 
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mechanical properties of the machined components, especially for some materials which are 
hard to cut. Poor surface integrity will deteriorate the surface state, form adverse stress 
concentration, initiate surface cracks, speed up fatigue fracture and even constitute a 
potential danger for the machined components in service. For quite some time, many 
researches have focused on the machinability and surface integrity of difficult-to-machine 
materials for the aerospace industry and other fields of applications [3-7]. Ezugwu 
summarized the machinability of difficult-to-machine materials such as aeroengine alloys, 
hardened steel and structural ceramics. These materials provide a serious challenge for 
cutting tool materials and usually result in the concentration of high temperatures at the tool
workpiece interface during machining which strongly affect the surface quality of the 
machined components [8]. Novovic compared the effects of surface topography and integrity 
on fatigue performance for conventionally and non-conventionally machined titanium alloy 
and steel [9]. Ulutan and Ozel reviewed the machining induced surface integrity in titanium 
and nickel alloys for both the aerospace and biometrical industry and they concluded that 
further modelling studies are needed to create predictive physical-based models that are in 
good agreement with the results of reliable experiments [10]. Considering that the surface 
integrity of a machined component will be mainly affected and could be controlled by its 
machining operational parameters when other machining conditions are settled down, many 
researches have been carried out to find their relationship for different manufacturing 
processes and materials. For instance, Jawahir analysed and reviewed works concerning the 
surface texture effect on the surface integrity and related functional performance during 
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material removal processes carried out in recent years [11]. Xu investigated the influence of 
machining-induced high temperatures on the workpiece surface integrity in the surface 
grinding of a cast Ni-base superalloy K417 using different machining parameters to achieve 
the change of temperature [12]. Zhao studied the variation of surface and subsurface 
integrity characteristics for diamond-ground optical glasses material by the ultra-precision 
machining of fused silica and fused quartz assisted with electrolytic in-process dressing [13]. 
Bushlya researched how the turning parameters and conditions will influence the 
machinability of Inconel 718 components with coated and uncoated PCBN tools [14]. Ding 
investigated the effect of the creep feed grinding process on the grindability and surface 
integrity of Ni-based alloy when using CBN wheels [15]. Further, researches have also been 
concerned with thermally induced machining damage, especially for the high speed 
machining or grinding of superalloy [16-20]. 
As compared with other difficult-to-machine superalloys or ceramic materials, GH4169 is 
comparatively new aerospace superalloy used for turbine blisk and shaft components. 
Studies on the machinability of GH4169 superalloy, especially the related surface integrity 
characteristics such as the 3D surface topography, residual stress and microhardness as well 
as the microstructure beneath the surface, are still relatively few. Kong researched the 
broaching performance and formation of saw-tooth chips during the high speed machining of 
GH1469 using an FEM simulation technique [21]. Xue experimentally investigated the 
performance and the wear mechanisms of a PVD-TiAlN coated carbide tool in turning of 
GH4169 [22]. Grinding is normally used as the final finishing process for the critical 
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components and it has been widely employed for the machining of superalloy used in the 
aerospace industry. When it comes to the machining-induced surface integrity aspects in the 
grinding of GH4169 superalloy, comprehensive studies focusing on both the grindability and 
related grinding-induced surface integrity characteristics effects are seldom found. During 
grinding with abrasive wheels, the excellent physical properties of GH4169 superalloy 
together with its poor thermal conductivity make it extremely difficult to be machined and 
usually lead to large grinding force and extra-high temperature at the grinding zone and 
consequently potential changes of the surface integrity characteristics within the machined 
surface layer. At present, it is still more difficult to ensure the surface quality and integrity of 
ground components of GH4169 superalloy than it is for normal metal components during 
mass production. In view of this, a systematic study of the grindability and the relationship 
between the machining parameters and the formation mechanism of the surface integrity 
characteristics for grinding of GH4169 superalloy is of practical engineering significance 
and urgency. 
5.2 GRINDING MATERIAL AND EXPERIMENT ARRANGEMENT 
5.2.1 Material Properties and Geometry 
GH4169 superalloy composition is usually characterized by containing around 5% of Nb, 
around 21% of Cr, a small amount of Al and Ti to form its strengthening phases J c
(Ni3(AlTi)) and J cc (Ni3Nb) which can enhance the alloys strength and ensure favorable 
combination properties within the operating temperature range of from 20°C to 750°C. After 
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5.2.2 Machining and Measurement Equipment 
A single alundum grinding wheel with Al2O3 abrasive grit was employed for the grinding 
experiments, having an abrasive grit size of 80#. The cutting fluid used was a normal 5% 
emulsion. The 3D surface texture and roughness were measured using a Veeco NT 1100 3D 
white light interferometer with a resolution of 2 nm on the optical Z-axis. The measurement 
of surface residual stress and the residual stress profile (the variation of residual stress with 
depth below the surface) were made using the XA-350 x-ray stress analysis system. The 
measurement of surface microhardness and microhardness profile (the variation of 
microhardness with depth below the surface) were conducted using EverOne MH-50 
microhardness tester with a load of 25g and a hold time of 10s. Subsurface microstructures 
were also revealed and analyzed with the metallographic microscope technique.   
5.2.3 Experimental Design and Procedure  
5.2.3.1 Grinding arrangement 
Orthogonal experimental design is a scientific method that can investigate the effects of 
multiple factors on the researched objective function [23]. The orthogonal table can reduce 
the total number of trials and increase the amount of information of the tested points. 
Compared to the trial number of factorial design experiments, only a few representative tests 
are needed to determine the most significant factor that may affect the researched objective 
function. For the external grinding of GH4169 superalloy, the processing parameters are the 
main factors affecting the surface integrity characteristics once the wheel properties and 
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optical interferometer and taking the average as the final surface roughness value Ra.  
The X-ray stress analysis technique and local layer-peeling method were used to measure 
surface residual stress and subsurface residual stress distribution for external and plane 
ground samples. The surface and subsurface residual stresses were attained using X-350A 
x-ray stress analysis system with a Cr-anticathode, piping current I=8mA, piping voltage 
U=25kV. The subsurface residual stresses were measured layer by layer with the help of an 
electrolytic corrosion device for local layer peeling.  
The microhardness of the machined surface was measured using a microhardness tester with 
the beveling plane method. With this method, a small plane with around 3° inclination to the 
ground surface was beveled and polished. Microhardness measurements were carried out at 
the different location of the bevel plane which actually gave the microhardness with different 
depths below the ground surface. The polished bevel plane also makes the boundary of the 
diamond indentation more clearly discerned and helps to accurately calculate the value of 
microhardness (See Figure 5.6).  
The subsurface microstructure and grain morphology of the workpiece material were 
observed using a scanning electron microscope. Detailed metallurgical variation of the 
microstructure of the samples that were ground with three different depth of cut ap were 
compared with the results obtained using the metallographic microscope technique. 
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Seen in Figure 5.1, samples EG2 and EG6 were ground with a comparatively higher value of 
depth of cut, and their ground 3D surfaces obviously contain deeper grooves and higher 
peaks when compared with those of samples EG1 and EG5. Correspondingly, the surface 
roughness values of samples EG2 and EG6 are larger than those of samples EG1 and EG5 
respectively.  
According to the arrangement of grinding parameters and the measured values of surface 
integrity characteristics in Table 5.3, an empirical equation which expresses the correlation 
between the measured surface roughness Ra and the 3 main grinding parameters within the 
range researched is derived from linear regression analysis as follows:   
101.0112.001.0228.010   spwa vavR                    (5.1) 
Although the correlative coefficient (R=0.86) and the significance level are not desirable, this 
mpirical equation still offers some helpful information. Within the grinding parameter range 
researched, the depth of cut ap is of the maximum power-law index among 3 main grinding 
parameters and is the most important factor that affects the surface roughness Ra. From the 
empirical equation, the depth of cut ap is positively correlated to the surface roughness, which 
means that Ra will decrease with the decrease of ap; the workpiece speed vw is comparatively less 
correlative to the surface roughness Ra; while the wheel speed vs is negatively correlated to the 
surface roughness, which means that Ra will reduce if the wheel speed vs increases. Within the 
grinding parameter range researched, the surface quality and roughness could correspondingly be 
improved by reasonably increasing the wheel speed vs, or by reducing the depth of cut ap.  
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gradually cooled and tends to contract, but the bulk material will prevent the surface and 
subsurface layer from contracting or shrinking at that time, so residual tension is likely to be 
present on the newly machined surface and subsurface layer. Consequently, the thermal 
effect is finally prone to produce tensile residual stress on the machined surface of the 
workpiece. The mechanically-induced (or deformation-led) residual stress during the 
grinding process can be explained by a combination of plastic deformation in the superficial 
surface layer and elastic deformation in the underlying surface. When the mechanical-cutting 
action stops, the elastic deformation below the subsurface layer tends to restore while the 
plastically-deformed thin superficial layer is inclined to counteract its springing back. To 
achieve force equilibrium and geometric compatibility after the grinding process, elastic 
rebalancing and existing plastic deformation will place the surface and superficial layer in 
the state of residual compressive stress. 
GH4169 superalloy has excellent mechanical properties and usually exhibits severe 
work-hardening. It also combines poor thermal conductivity with tough and strengthened 
phases in its matrix material. Generally, its machinability is not as good as its mechanical 
properties. During grinding, grinding heat is built up easily in the cutting zone, which 
deteriorates the cutting condition and degrades the tool life. As a result, high cutting forces 
with high localized temperatures are produced around the grinding wheel surface and the 
workpiece surface, thus leading to high values of surface roughness and tensile residual 
stress.  
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decreases rapidly when the depth below the surface, h, is smaller than 40ȝm. The residual 
stress decreases more gradually when the depth below the surface, h, is larger than 200ȝm. 
When the value of depth of cut ap increases, the tensile stresses ıRx and ıRy both will rise; and 
the thickness of the subsurface zone where residual stress prevails will also obviously 
increase with the increase of depth of cut ap. Usually, the increase of depth of cut ap will 
intensify the plastic deformation, improve the grinding energy input and lead to a fast rise of 
the grinding temperature at the machined interface. Finally, high tensile residual stress on the 
plane-ground surface and subsurface will develop due to the more significant thermal effect. 
When the depth of cut, ap, increases from 0.005mm to 0.04mm, the thickness of the 
subsurface zone where residual stress effects are present will increase from around 100ȝm to 
310ȝm. 
5.3.3 Surface and Subsurface Microhardness and Effects 
During machining process like grinding, the workpiece surface will usually experience 
severe plastic deformation and its grain structure and lattices in the vicinity of machined 
surfaces will be distorted or elongated and appear to be a kind of high-level fibrous structure. 
This kind of mechanical action usually will make the surface microhardness much higher 
than that of the bulk material. At the same time, most of the plastic deformation energy is 
converted into heat energy during the grinding of a GH4169 workpiece. Although the ground 
chips will take away quite a substantial part of the heat energy, there is still a large portion of 
grinding heat that will build up at the thin superficial layer of the workpiece which could not 
be quickly passed into the core and bulk material in time due to the intensive frictional 
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interaction at the interface and low thermal conductivity of GH4169 superalloy. Thus, the 
surface and subsurface layer of the workpiece will be experiencing the equivalent to a 
high-temperature surface annealing or recrystallization process along with the 
work-hardening mechanical action. As is known, annealing is a process of heat treatment and 
will usually increase the toughness of alloys and reduce some of the excess hardness. That is 
to say, the surface annealing process essentially will eliminate the unbalanced microstructure 
and physical properties of the machined surface with grain growth or recrystallization, which 
finally softens the surface and subsurface material. Generally speaking, the workpiece 
material will mostly maintain its work-hardening effect when the temperature is below 
0.4-0.5 times the materials melting point. However, if the temperature further increases, 
both the material flow stress and material strength will decrease. Thereby, the extent of work 
hardening caused by the plastic deformation will be weakened when the surface annealing 
occurs at high temperature during grinding [24]. 
Considering the interaction of the work-hardening effect and the possible surface annealing 
caused by local high-temperature during the grinding of GH4169, there are likely to be 3 
kinds of scenarios of the variation of microhardness within the subsurface layer [29-30]:  
(1) If the abrasive grits of the grinding wheel are sharp and the lubrication condition is good, 
and if the grinding material removal rate is well controlled, then the machined surface will 
not experience surface annealing or grinding burn and will mainly be work-hardened: its 
microhardness profile will usually have a peak value at the machined surface as is shown in 
Figure 5.5(a).  
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Figure 5.5  The mechanism for formation of microhardness of ground surface[29-30] 
(2) If the abrasive grits are dull and if the grinding material removal rate is unreasonably 
high, massive grinding heat will gather around the machined surface and produce local high 
temperature at the outermost thin superficial layer of the machined surface. Once this 
temperature is above the annealing temperature or the transformation temperature of the 
superalloy, the microstructure near this area will gradually change to equiaxed grains, the 
strengthening phase in the alloy may be resolved and the microhardness of this area will drop 
rapidly. However, its underlying layer near the core will keep the effect of cold deformation 
strengthening due to the large grinding force and inaccessibility of grinding heat. With the 
depth below the surface, h, increases, the microhardness value at the surface and subsurface 
will firstly go below that of the bulk material HV0, then increase to a peak and finally 
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will increase and more mechanical energy will transfer to thermal energy. Therefore, the 
temperature at the interface of the workpiece and grinding wheel periphery will soar to a 
value which exceeds the annealing temperature of the GH4169 material and make the 
measured values of microhardness have a rapid drop. As shown in Figure 5.7, the outermost 
surface microhardness of sample PG1(with ap=0.005mm) does not drop too much and is 
around HV1=440; while for the sample PG5(with ap=0.04mm), its surface and subsurface 
endure much greater thermal effects due to the large grinding parameter and the value of 
microhardness drops to the lowest of around HV1=417. With the increase of the depth below 
the surface, h, the microhardness value will gradually approach that of the bulk material. The 
thickness of the material-altered layer where the microhardness varies will increase with the 
increase of depth of cut ap. When ap increases from 0.005mm to 0.04mm, the thickness of 
the region of microhardness variation will increase from 200ȝm to 360ȝm. 
5.3.4 Subsurface Microstructure and Effects   
GH4169 superalloy usually needs to experience aging treatment to attain saturated Ni 
austenite to secure its better mechanical properties. The microstructure of the GH4169 
superalloy is shown in Figure 5.8(a) and the grains are distributed homogenously within the 
field of view. The grain size is well-proportioned and the grain boundary is clear to discern. 
When further magnified, the inhomogeneous structure į phase can be clearly observed as 
shown in in Figure 5.8(b). The į phase structures are granular or like a short bar and are 
mainly dispersed in the grain boundary or within grains which will help to strengthen the 
matrix.  
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overlaps on the machined surfaces. Its surface behavior is apparently deteriorated and worse 
than that of samples PG1and PG3. 
5.4 SUMMARY 
Based on the experiment study and detailed analyses of the grinding of GH4169 superalloy, 
some conclusions related to its grindability and surface integrity may be drawn as follows: 
(1) Depth of cut ap and wheel speed vs are the main influencing factors on the surface 
roughness Ra for external grinding. Within the investigated grinding parameters range, 
the surface roughness Ra will reduce as the depth of cut ap reduces or the wheel speed vs 
increases. The depth of cut ap shows a more profound and remarkable effect on the 
surface roughness Ra for plane grinding, When the depth of cut ap increase from 
0.005mm to 0.04mm, the corresponding magnitudes of surface roughness are nearly 
tripled, rising from 0.284ȝm to 0.896ȝm. Thus, reasonable choice and control of the 
wheel speed vs and depth of cut ap will effectively improve the ground surface quality.   
(2) External grinding is advantageous in securing compressive residual stress on the 
machined surface; while plane grinding is prone to producing adverse tensile residual 
stress on the machined surface. For plane grinding, all residual stress profiles within the 
thin subsurface layer exhibit tensile residual stresses with their maximum tensile stress at 
the surface. Once the excessive tensile residual stress exceeds the material strength of 
GH4169, adverse perpendicular cracks will appear which will largely degrade the 
performance of machined parts. When the value of depth of cut ap increases, the tensile 
stresses ıRx and ıRy both will rise; at the same time, the thickness of the subsurface layer 
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where the residual stress prevails will also obviously increase as the depth of cut ap 
increases. Usually, adopting a high value of depth of cut ap will intensify the plastic 
deformation, improve the grinding energy input and lead to a fast rise of the grinding 
temperature at the machined interface. Finally, high tensile residual stress will be 
generated on the plane-ground surface and within the subsurface due to the high and 
intensive thermal effect. When the of depth of cut ap increases from 0.005mm to 0.04mm, 
the thickness of the subsurface layer in which residual stress exists will increase from 
around 100ȝm to 310ȝm. 
(3) The magnitude of microhardness for externally-ground surfaces are slightly larger than 
that of the original bulk material (HV0§480) and the ground surfaces are work-hardened 
to some extent; while for plane grinding, all the measured values of surface 
mircohardness are smaller than that of the bulk material. With the increase of the depth 
below the surface, h, the value of microhardness will gradually approach that of the bulk 
material. The thickness of the material-altered layer in which the microhardness varies 
will also increase with the increase of depth of cut ap. When ap increases from 0.005mm 
to 0.04mm, the thickness of the microhardness-varied layer will increase from 200ȝm to 
360ȝm. 
(4) The microstructure of the material on and below the plane-ground surface will be 
stretched and distorted along the grinding direction. The degree of deformation of the 
grain lattices is dependent on the depth of cut ap, which produces different grinding 
forces and friction forces on the interface between the wheel and the machined surface. 
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The PG5 specimens surface, which was ground by the depth of cut ap=0.04mm, has the 
most remarkable change of microstructure; with the grain skewness angle around 25° 
and the thickness of the plastic deformation layer about 6~8ȝm. This large magnitude of 
depth of cut should be undoubtedly avoided during the practical grinding of GH4169 
because it is likely to initiate fatal intergranular cracks on the machined surface. 
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CHAPTER 6 MACHINING-INDUCED SURFACE INTEGRITY AND ITS 
EFFECT ON FATIGUE PERFORMANCE FOR GH4169 SUPERALLOY 
6.1 INTRODUCTION 
With the further development of modern manufacturing technology in the fields of 
automobile and aerospace industry, the requirements of reliability and long service life for 
the precision-machined surfaces and parts are becoming increasingly more stringent and 
demanding. The fatigue property is one of the most important functionalities of machined 
parts. It is considered as the principal mode of failure for critical machined parts and may 
lead to unexpected accident during service.  
The fatigue property and performance of a machined part are closely related to its machined 
surface geometrical texture and subsurface SI characteristics. According to existing statistics 
researches on the malfunction and failure of engineering parts, fatigue fracture caused 
60%~90% of the final failure of the key mechanical structures and parts used in the 
industrial field. This number could reach 80%, especially in the field of aero-engine 
manufacturing. There have already been many catastrophic accidents in history, which 
showed the potential danger of surface irregularities and subsurface metallurgical 
transformations caused by inappropriate machining parameters or cooling condition during 
the manufacturing process. In fact, these machining-induced changes in surface geometry 
and subsurface characteristics are of vital importance to ensure the surface integrity and 
functional performance of the machined parts. 
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As above-mentioned, most engineering failures are caused by accumulating fatigue damage 
when an alternating or cyclic loading is applied on structures and parts, such as suspended 
bridges, railways, airplane wings and rotary vanes in aero-engines. Although the magnitude 
of alternating load is normally less than the yield strength of the materials, its persistent 
action will gradually result in crack initiation and sudden fracture of parts, which is 
considered usually unexpected and more severe than the failure caused by static loading.  
As is well known, the fatigue damage and crack initiation usually originates from a 
machined surface or locations near to the surface of a machined part. This is because the 
machined surface is the boundary of the material and machining process will destroy the 
integrity of grains on the surface which deteriorates the mechanical properties of the whole 
machined part; at the same time, the nominal stresses are often higher (e.g., for bending 
loading) at the surface and the abrupt change of micro geometrical shapes near the machined 
surface (such as machining marks, micro notches or grooves) are easy to form the potential 
geometrical stress raisers which will cause adverse stress concentration and initiate micro 
cracks on the machined surface. If the machined part mainly works under a corrosive 
environment and is subjected to alternating load, the poor machined surface integrity will 
rapid deteriorate the surface state and result in final fatigue failure. Although many 
researchers have already tried to improve the machined surface integrity and consequent 
fatigue performance of machined parts by optimizing the manufacturing processes and 
related machining parameters, there are still realistic difficulties in mass production for 
accurately measuring and controlling the status of surface integrity for machined parts. In 
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this chapter, the relationship between machining-induced surface integrity characteristics 
(such as surface roughness, surface microhardness and residual stress) and fatigue 
performance (especially fatigue life) for ground GH4169 specimens are investigated. The 
effect of the machining parameters (grinding speed vs, workpiece rotational speed vw and 
depth of cut ap) and the consequent effect of the surface integrity characteristics on fatigue 
life of the ground parts, are studied based on orthogonally-designed grinding experiments 
and fatigue tests followed by corresponding fractographic analyses. These research results 
offer guidance to effectively control and ensure the surface integrity and ultimately improve 
the fatigue performance of the machined GH4169 parts in service.  
6.2 SURFACE INTEGRITY AND ITS EFFECT ON FATIGUE LIFE FOR 
GROUND GH1469 PARTS 
Many researchers have studied the impact of surface texture and subsurface characteristics 
on the fatigue performance of machined parts [1-5]. There were also different views in 
assessing the degree of influence of the primary surface integrity characteristics (surface 
roughness Ra, surface microhardness HV1 and residual stress ıR0) on the fatigue properties. 
Some researchers believed that the surface residual stress is the most influential factor that 
determines fatigue properties [1-3]; while some other researchers considered surface 
roughness and surface microhardness as the principal influencing factors [4-6]. In fact, the 
effects from distinctive surface integrity characteristics are concurrent and interactive in a 
typical working environment, and the surface integrity characteristics are not completely 
independent and may correlate and interact with each other to some extent. Considering the 
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differences in the material properties, manufacturing process, loading conditions and 
working environment, the influencing degree of each surface integrity characteristic on the 
fatigue properties of the machined part are different. According to the surface integrity model 
framework proposed in Chapter 3, which describes the relationships between processing 
parameters, surface integrity characteristics and final fatigue properties, any surface integrity 
characteristic may be the dominant factor affecting the fatigue properties of the machined 
part in its specific application. Hence, it is better to elaborately investigate the effect of 
certain typical surface integrity characteristic parameters on the fatigue properties for a 
selected material and under actual working conditions.  
6.2.1 Rotating Bending Fatigue Test for GH4169 Specimens 
Based on practical observation and experience in various applications, the real causes that 
affect the fatigue life of a machined part are actually the combination or integration of the 5 
primary surface integrity characteristics, especially the integrated effects from surface 
roughness Ra, surface microhardness HV1 and residual stress ıR0. A series of 
orthogonally-designed grinding experiments with different machining parameters were 
carried out and the corresponding rotary bending fatigue tests for these ground specimens are 
implemented at room temperature to investigate the overall effects of surface integrity 
characteristic parameters on the fatigue life of these GH4169 specimens. The detailed 
requirements of the heat treatment for specimen material, grinding process parameters and 
operating condition of fatigue test are as follows: 
(1) Direct aging treatment is applied to the specimen material [7], GH4169 superalloy. The 
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strength and impact performance are correspondingly improved. The mechanical properties 
of GH4169 superalloy can be found in Table 5.2.  
(2) The geometrical size and machining requirement of specimen for the rotary bending 
fatigue test are shown in Figure 6.1. The specimens will firstly experience rough turning and 
then semi-finished turning until the diameter of the working surface on the specimen 
approaches 4.1+0.1mm. The final processing for the working surface of the fatigue 
specimens is external plunge grinding, using the grinding parameters designed in Table 6.1. 
It is noted that the specimen preparation is especially important and an undamaged 
surface is essential for further accurate analysis. 
(3) The specimens are tested on the standard rotating bending fatigue testing machine and 
high alternating tensile load are applied. This type of fatigue testing can be useful for 
determining the mechanical properties of material and the effect of machining-induced 
surface micro geometry change (e.g. surface texture) on stress concentration and fatigue 
properties. The fatigue test is carried out under room temperature; the stress level is 800MPa 
and the loading frequency is 83.3Hz (5000 rpm).  
Considering the difficulty of machining the surface of a specimen with very small diameter 
(only 4 mm) and the limitations of the practical grinding machine tool, the external plunge 
grinding is arranged for the fatigue specimens as Table 6.1 and the workpiece rotational 
speed for specimens is fixed at vw=2.56m/min. For each group of grinding parameters, 6 
fatigue specimens are ground; the final fatigue life measured being the average for a group of 
specimens. 
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Table 6.1  Orthogonally-designed external plunge-grinding experiments for GH4169 fatigue tests (Grinding parameters ļ SI ļ SCF ļ Fatigue) 
Test 
No.  
SI grinding 
parameters   
SI characteristic parameters measurement                SCF and error calculation        
Fatigue 
life   
ap    
(mm)   
vs   
(m/s) 
Ra   
(µm)  
Rz   
(µm)  
Rt   
(µm)  
RSm  
(µm)  
1U  
(µm)
2U  
(µm)
3U  
(µm)
U   
(µm) 
HV1   
(kgf/mm2)
ıR0  
(MPa)
Kt   
(Arola)*
Kst   
(or KtG) 
e1  
(%) 
KIEF 
e2   
(%)  
Nf    
(×105)  
1   0.002  15   0.3073 2.365 2.53 2.914 3.36 3.26 1.30 2.64  561.23  -70.7 1.249  1.276  2.2  1.204 3.61  1.70   
2   0.002  20   0.2895 2.365 2.63 2.399 2.48 2.35 2.68 2.50  508.75  -31.2 1.257  1.259  0.15 1.190 5.31  1.830  
3   0.002  25   0.3372 3.09 3.545 2.713 1.19 1.61 1.34 1.38  521.88  -108.8 1.561  1.525  2.3  1.433 8.21  1.363  
4   0.006  15   0.3057 2.725 3.085 2.507 1.21 2.73 1.41 1.78  552.65  -60  1.388  1.372  1.1  1.294 6.79  1.388  
5   0.006  20   0.2519 2.315 2.53 2.207 2.3 1.75 1.56 1.87  552.28  -100.3 1.294  1.287  0.54 1.212 6.34  1.488  
6   0.006  25   0.2494 1.855 2.035 2.852 3.37 2.01 3.55 2.98  530.20  -36.4 1.184  1.228  3.73 1.161 1.91  1.368  
7   0.01  15   0.2429 2.18 2.345 2.568 2.23 1.91 1.89 2.01  492.88  -19.4 1.259  1.282  1.76 1.213 3.76  1.333  
8   0.01  20   0.2641 2.31 2.485 2.198 1.71 1.7 1.52 1.64  529.23  -55.8 1.345  1.337  0.63 1.262 6.25  1.317  
9   0.01  25   0.2631 2.3267 2.633 3.045 2.02 2.37 1.36 1.92  558.68  -66  1.310  1.355  3.41 1.278 2.52  1.525  
*Within the grinding parameter range researched, compared with the calculation results from Arolas proposed equation for Kt, the 
calculated results for the micro geometrical surface texture caused SCF Kst is only of the maximum relative error of 3.73%.  Compared with 
the calculation results from Arolas proposed equation for Kt,
 the calculation results for the proposed overall effective SCF KIEF, which 
considers the integrated effect of micro surface texture, surface microhardness and residual stress, is of the maximum relative error of 8.21%Ǆ
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6.2.2 Correlation between Surface Roughness and Fatigue Life  
The surface roughness is usually taken as the measurement standard that ensures the surface 
accuracy and quality, and it is one of the most important factors that influence the fatigue 
performance of machined parts. Viewed from the requirements of surface integrity, surface 
roughness is actually a generalized concept which not only includes the surface roughness 
standard parameters (such as Ra, Rz, Rq) but also involves some parameters relating to 
geometrical features such as the depth of micro notch, root radius of surface profile valley 
defined in Chapter 3. All of these geometrical features may cause excessive stress 
concentration when the machined part is subjected to alternating loading and can finally lead 
to premature fatigue fracture. 
Surface texture and the corresponding surface roughness values Ra (or Sa) of the ground 
specimens processed by different grinding parameters are measured as shown in Figure 6.2. 
According to the measured surface roughness and the corresponding grinding parameters, an 
empirical relationship between the grinding parameters and the value of surface roughness 
for these externally-ground GH4169 specimens is established by using linear regression 
analysis as follows: 
0284.01218.0158.0   spa vaR                      (6.1) 
Although the correlative coefficient and the significance level of the regression analysis are 
not perfect, this empirical equation still offers some helpful and general information. Within 
the investigated grinding parameters range, the depth of cut ap is of the maximum power-law 
index and is taken as the most important factor that affects the surface roughness Ra. From 
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the empirical equation, the wheel speed vs is negatively correlated to the surface roughness, 
which means that Ra will reduce if the wheel speed vs increases; while the depth of cut ap is 
negatively correlated to the surface roughness, which means that Ra will increase with the 
decrease of ap. This conclusion seems contradictive with the conventional trend between 
surface roughness and the wheel cutting speed. The reason for this inference is likely to be 
that the time for the specimens plunge-grinding was slightly long when compared to the 
small diameter of the fatigue specimen and the machined surface experienced excessive 
buffing. As a result, the values of surface roughness no longer reflect their original 
correlation to the pre-designated grinding parameters (wheel speed vs or depth of cut ap), but 
to the process of excessive buffing, which latter is normally an uncontrollable process. To 
overcome this weakness, traverse-grinding may be a better alternative to control the expected 
surface/subsurface roughness behavior of the specimens. 
Based on the measured values of fatigue life and surface roughness in Table 6.1, the 
empirical equation which describes the relationship between the surface roughness Ra and 
the fatigue life Nf for externally-ground GH4169 specimen is established by linear regression 
analysis as follows: 
2626.0058.2 af RN                              (6.2) 
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of the surface quality, it is not the only index adopted to assess the fatigue properties of a 
machined part which is working within a complex environment. Numerous researches have 
shown that the integrated effect of different surface integrity characteristics (surface 
microhardness, surface residual stress as well as surface roughness) is actually the main 
cause that determines the final fatigue performance of machined parts. 
6.2.3 Correlation between Surface Microhardness and Fatigue Life  
Hardness is a measure of the resistance to deformation, indentation or penetration of a 
material by means of indenting, abrasion or scratching with a hardness tester based on 
different hardness standard such as Brinell, Knoop, Rockwell or Vickers hardness. The lack 
of a uniform definition indicates that the hardness might not be an essential material property, 
but an integrated material behavior with contributions from the elastic modulus, yield 
strength, work hardening, and ultimate strength and so on. Hardness measurement can be 
carried out within the macroscopic or microscopic range according to the indentation force 
applied and the corresponding displacement obtained, and the Vickers hardness is often used 
for evaluating the microhardness of a machined surface. 
During the grinding process, the abrasive grits will scratch, plough and finally cut off the 
material from the surface of a part. These actions will firstly cause plastic deformation and 
then dislocation motion among the material lattices within the subsurface. The interaction 
between different slip systems and defected lattices will cause the pile-up of dislocation 
which finally hinders the further increase of plastic deformation and results in 
work-hardening. The microhardness and material strength at the surface layer of the 
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work-hardened part will be correspondingly improved although its ductility will be 
weakened. GH4169 is a kind of superalloy which is prone to work-hardening. During the 
grinding process of GH4169, the crystal lattices of material are seriously distorted within the 
plastic deformation zone and work-hardening occurs easily. Work-hardening normally causes 
excessive distortion and even fibrosis of the crystal lattices, which eventually strengthens the 
yield limit and increases the microhardness of the material near to the machined surface layer. 
If there are already inclusions or internal cracks below the work-hardened surface layer, a 
larger number of loading cycles will make these internal defects grow rapidly or eventually 
propagate within the material. However, the work-hardened surface layer will actually 
restrain the dislocation formation and the macro crack propagation from further growing to 
the outermost surface. According to the Taylor dislocation relation [8], the relationship 
between the critical plastic flow stress (or resolved shear stress) Ĳ and the dislocation density 
ȡd can be expressed as follows:  
dbG UDWW  0                            (6.4) 
where Ĳ0 is the critical resolved shear stress in the absence of interfering dislocations, called 
the intrinsic strength of a material of low dislocation density; and Į is a numerical constant 
dependent on the material (~ 0.4); G is shear modulus and b is Burgers vector which 
represents the magnitude and direction of dislocation in a crystal lattice; ȡd is dislocation 
density indicating the number of dislocations per unit volume (or per unit area for 2D 
measurement). 
According to the measured surface microhardness and the corresponding grinding 
 159
parameters, an empirical relationship between the grinding parameters and the value of 
surface microhardness for externally ground GH4169 specimens is established using linear 
regression analysis, as follows:  
00542.000011.0
1 48.525 sp vaHV                      (6.5) 
As seen from Eq. (6-5), the power-law indexes for the depth of cut ap and the wheel speed vs 
are quite small which indicates that both of the grinding parameters are of limited influence 
on the machined surface microhardess within the investigated grinding parameters range. 
Based on experience and further analysis, it is likely to be found to be caused by the 
dispersiveness of the measured surface microhardness values. According to the measured 
values of the microhardness and the fatigue life in Table 6.1, an empirical regression model 
which interprets the relationship between surface microhardness and fatigue life based on 
externally plunge-ground GH4169 specimens could be expressed as follows:  
4792.0
10725.0 HVN f                           (6.6) 
From Eq.(6.6), the fatigue life of specimens will benefit from the increase of the surface 
microhardness within the grinding parameters range employed.  
6.2.4 Correlation between Surface Residual Stress and Fatigue Life  
The formation of residual stress on the machined surface and within the subsurface layer is a 
complicated procedure. The causes are usually attributed to 2 aspects: the nonuniform plastic 
deformation effect caused by machining-induced mechanical stress; and the thermal stress 
effect caused by local high-temperature near the interface between the machining tool and 
the machined surface. During the machining process, the zone or material layer near to the 
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surface will produce severe plastic deformation because of the cutting force and local high 
temperature. As the temperature near to the machined surface cools down after the cutting 
process, the residual stress will be left on the machined surface and within the subsurface 
layer. 
The residual stress on the machined surface could be generally categorized as tensile residual 
stress and compressive residual stress according to its directionality. Generally, residual 
compressive stress is beneficial to the fatigue life of machined parts; while tensile residual 
stress is adverse and will reduce the fatigue life of machined parts. It is noted that the 
influencing factors for the fatigue life of a machined part are actually more than just the 
residual stress. They are actually not only involved in the magnitude and distribution of the 
residual stress, but also relate to elastic properties, external stress conditions and the working 
environment of machined parts. The magnitude of working stress that affects the fatigue life 
of machined parts is actually the sum of the nominal applied stress and the final residual 
stress obtained after machining. When evaluating the residual stress effect on fatigue 
performance, the stability and variation of the residual stress with the working stress cycle 
should also be taken into account. Stephens and Fuchs proposed a criterion to determine if 
material yield or residual stress relaxation will occur within the machined surface layer under 
an alternating loading [9]:  
sram VVVV !                              (6.7) 
in which ım is the mean stress and ım=(ımax+ımin)/2; ıa is the stress amplitude of alternating 
stress and ıa=(ımax-ımin)/2; ıs is the yield limit; ır is the residual stress. When there is a 
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residual stress on the surface, it will combine with the external applied alternating load; the 
real mean working stress ırm is the yield stress that the machined part subjected to:   
)( mrrm VVV                               (6.8) 
The real maximum and minimum working stress then could be expressed as:  
amr
real VVVV  )(max                        (6.9a) 
amr
real VVVV  )(min                        (6.9b) 
Considering that a fatigue crack usually initiates from the weakest point on the surface, 
fatigue failure is likely to happen at the extreme values of real working stress but not at the 
average value. When (ır+ım)+ıa >ıs, the real stress applied on the machined surface exceeds 
the yield strength of the material, and the surface of the machined part will yield which 
results in plastic flow and a redistribution of the initial residual stress field and finally the 
relaxation of elastic residual stress during service. Hence, the residual stress wont affect the 
fatigue property of the machined specimen in this case. When (ır+ım)+ıa < ıs, there will be 
no relaxation of residual stress, and its effect on the fatigue property will depend on its 
direction and magnitude. If the residual stress is tensile and its magnitude is high, the fatigue 
life of machined specimen will drop dramatically even if the surface roughness is low; for a 
brittle material, once the maximum working stress at any point on the surface exceeds the 
tensile ultimate strength of the material ıb, which is (ır+ım)+ıa >ıb, an adverse surface crack 
will initiate and fatigue fracture will rapidly occur. If the machined surface is of compressive 
residual stress, it will be beneficial to the fatigue life of the machined parts because it will 
help to defer the potential cracks initiation and its propagation from the surface. 
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From Table 6.1, the residual stresses of ground GH4169 specimens before fatigue testing are 
compressive (with minus sign). Within the orthogonally-designed grinding parameters range, 
an empirical model between the absolute value of surface residual stress and the grinding 
parameters are established using multiple linear regressive analysis as follows: 
760.0215.0
0 79.1 spR va  V                         (6.10) 
It can be seen that the wheel cutting speed vs has the most profound effect on the absolute 
value of surface residual stress within the investigated grinding parameters range. As the 
wheel cutting speed vs increase, the interfacial friction thermal energy produced and the 
mechanically energy consumed will both increase, and the local temperature at the surface or 
within the subsurface layer of machined parts will rapidly rise because of the poor thermal 
conductivity of superalloy GH4169. After grinding, the magnitude of the surface tensile 
residual stress at the ground surface and subsurface will increase. 
According to the fatigue testing result listed in Table 6.1, an empirical model between the 
absolute value of surface residual stress and the fatigue life is established using single linear 
regressive analysis as follows: 
 000264.0
0468.1 RfN V                        (6.11) 
Within the studied range of the grinding parameters for GH4169, the power-law index for the 
absolute value of residual stress is small and has a very weak correlation with the fatigue life 
of the machined specimens. This is because the magnitude of the residual stress may change 
during the fatigue loading test. Further, the local high temperature and working environment 
will also influence the actual fatigue life.  
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6.2.5 Integrated Effect of Surface Integrity Characteristics on Fatigue Life  
When a machined part is in service, its surface is usually subjected to maximum loading and 
is vulnerable to an external stress status and a corrosion environment, both of which make 
the cracks easy to initiate and develop from the surface. During the machining process, the 
subsurface material will experience work-hardening and produce an internal residual stress 
distribution within the subsurface layer, as well as the machining-induced micro surface 
texture left on the surface. These changes from surface geometry and subsurface layer will 
cause different extents of stress concentration, which constitutes a danger to and deteriorates 
the fatigue performance of the machined part. For the ground GH4169 specimens, their 
fatigue properties actually depend on the integration of all primary surface integrity 
characteristics; that is to say, the surface roughness, surface and subsurface microhardness 
and residual stress distribution will jointly influence the fatigue properties of the machined 
parts. 
In order to determine the relationship between the fatigue life and the primary surface 
integrity characteristic parameters, an empirical model correlating the fatigue life Nf to 
surface roughness parameters Ra, surface microhardness HV1 and surface residual stress ıR0 
is established with linear regression analysis based on the measured surface integrity 
characteristic results in Table 6.1:   
1216.0
0
3111.1
1
4625.09406.210
  Raf HVRN V          (6.12) 
Within the investigated range of grinding parameter, the surface microhardness HV1 has a 
maximum power-law index and is taken as the most important factor to affect the fatigue life 
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Nf. From the empirical equation, the surface microhardness HV1 is positively correlated to the 
fatigue life Nf, which means that Nf will increase with the increase of HV1; while the absolute 
of the surface residual stress is negatively correlated with the fatigue life Nf , which means 
that fatigue life Nf  will reduce if the tensile residual stress ıR0 increases. The surface 
roughness Ra is positively correlated with the fatigue life Nf , which means that the fatigue 
life Nf will increase as Ra increases within the researched range of grinding parameters. This 
conclusion seems contradictive with the conventional trend between surface roughness and 
the fatigue life. The reason for this inference is likely to be that the time for the specimens 
plunge-grinding was slightly long when compared to the small diameter of the fatigue 
specimen and the machined surface experienced excessive buffing. As a result, the values of 
surface roughness no longer reflect their original correlation to the pre-designated grinding 
parameters but to the process of unwanted excessive buffing, which latter is normally an 
uncontrollable process. To overcome this weakness, traverse-grinding may be a better 
alternative to control the expected surface/subsurface integrity behavior of specimens. 
According to the measured average spacing between irregularities Rsm and the equivalent 
root radius of the dominant valleys for the surface profile ߩҧ  in Table 6.1, the 
grinding-induced micro geometric stress concentration factor Kst for the fatigue test 
specimens is calculated. The variation trend between the machining-induced geometric stress 
concentration factor Kst and the measured equivalent root radius ߩҧ, as well as the variation 
trend between Kst and the arithmetic average roughness Ra for the ground GH4169 
specimens, are shown in Figure 6.3 and Figure 6.4 respectively. The relationship between the 
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machining-induced geometric stress concentration factor Kst and fatigue life Nf is also fitted 
and shown in Figure 6.5.  
 
Figure 6.3 The correlation between the micro SCF Kst and the equivalent root radius ߩҧ 
From Figure 6.3, as the equivalent root radius ߩҧ increases, the degree of sharpness for the 
micro valleys within the surface profile and the consequent stress concentration will both 
reduce; as a result, the magnitude of the calculated stress concentration factor will 
correspondingly reduce. As can be seen from Figure 6.3, the equivalent root radius and the 
calculated stress concentration factor are of a good linear degree of fitting. 
 
 
 
 
 
 
 
Figure 6.4 The correlation between the micro SCF Kst and the surface roughness Ra 
As can be seen from Figure 6.4, with the increase of surface roughness Ra, the surface 
becomes much rougher and the number of deep valleys on the machined surface may also 
m
ic
ro
 S
C
F
,K
st
the equivalent root radius of machined surface, ߩҧ (mm)







       
㺘䶒㋇㌉1?arithmetic average roughness, Ra (µm)             
m
ic
ro
 S
C
F
 , 
K
s
t
 increase. T
raisers. Thu
Fi
Although t
considered 
surface rou
residual str
stress conc
trend is th
geometric s
6.3 FRAC
SPECIME
Fractograph
to judge th
propose so
his will lea
s, the corres
gure 6.5 The
he calculati
the effect f
ghness para
ess and othe
entration fac
at the fatig
tress concen
TOGRAPH
NS 
ic analysis,
e fracture fa
me improve
d to higher 
ponding cal
 correlation
on of the m
rom machin
meters but 
r factors on
tor Kst are s
ue life Nf
tration facto
IC ANAL
 also called 
ilure mode,
ment and pr
166
possibility o
culated stres
 between the
icro geome
ing-induced
not includin
 the fatigue 
till assume a
decreases w
r Kst. 
YSIS FOR
fracture surf
 determine f
eventive me
f the presen
s concentrat
 micro SCF
tric stress c
 geometrica
g the effect
properties), 
 good linea
ith the inc
GROUND 
ace analysis
ailure reaso
asures for m
ce of surfac
ion factor w
Kst and the f
oncentration
l surface tex
s of the sur
the fatigue l
r trend in Fi
rease of the
GH4169 F
, is an essen
ns and mech
achined part
e defects a
ill increase. 
atigue life N
 factor Kst 
ture change
face micro-h
ife Nf and c
gure 6.5. Th
 machining
ATIGUE 
tial means b
anism and 
s in their de
nd stress 
 
f  
has only 
 (mainly 
ardness, 
alculated 
e overall 
-induced 
y which 
finally to 
sign and 
 manufactur
fatigue crac
 
 
 
 
 
 
 
 
(a) frac
 
 
 
 
 
 
 
(c) ma
 
 
 
 
 
 
 
 
(e) str
Figure 
During eac
1mm  
s
10µm 
10µm 
ing stages 
k initiation,
ture surface 
gnification o
iation in gro
6.6 morphol
h stage, th
sudd
rupt
propagat
origin
fatigue 
triation 
[10]. The p
 fatigue crac
morphology
f origin (7#) 
wth zone (7#
ogy of the fr
e surface an
en 
ure
ion 
crack 
initiation
167
rocedure of
k propagatio
(7#)       
          
)         
actured area
d subsurfac
 fatigue fra
n and abrup
      (b) fr
      (d) m
     (f) str
s of GH416
e behavior
st
8µm
1mm  
25µm
cture usuall
t rupture of t
acture surfac
agnification 
iation near gr
9 fatigue spe
is complica
fatigue 
riation
sudd
ruptu
propagat
mult
orig
y includes 
he fatigue sp
e morpholog
of origin (1#
owth zone (1
cimens 1# a
ted and inv
en 
re
ion 
iple
ins 
crack 
initiation 
3 stages: 
ecimen. 
y (1#)  
)  
#) 
nd 7# 
olves in 
 168
different physical and chemical changes. At the same time, distinct marks and features are 
left on the fractured surfaces of specimens which actually made a record and reflected 
different information during the whole fatigue fracture procedure. As shown in Figure 6.6(a), 
a typical fatigue fracture surface will contain 3 different zones corresponding to its 3 fracture 
stages: the fatigue crack initiation/origin zone (normally with radial marks), the fatigue crack 
propagation zone (normally with smooth beach-pattern marks), and the sudden rupture zone 
(normally with a rough appearance).   
From the point of view of fracture mechanics, the fatigue fracture surface actually includes 
the information of material properties and surface integrity characteristics generated during  
the machining processes. For example, fatigue striations are microscopic features on a 
fatigue fracture surface that identify one propagation cycle of a fatigue crack. These are not 
always present and can only be seen under a scanning electron microscope. By doing the 
fractographic analysis, the failure reasons and the maintenance cycle could be determined for 
the fatigue fractured parts inspected, which actually provides guidance for the effective 
maintenance and reliable use of some critical parts in industry.  
The fatigue fracture areas of specimen 7# and 1# from the rotary bending fatigue test are 
shown in Figures 6.6(a) and (b). There is obviously a crack origin and sudden fracture zone 
on the fracture surface of specimen 7#. Radial marks are starting off from the crack origin. 
Multiple crack origins are found on the fracture surface of specimen 1#. This is because the 
external load level is high and the grinding surface roughness of ground specimen 1# is also 
higher than that of specimen 7#, so there are likely to have been stress raisers on the 
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machined surface of specimen 1#. 
Fatigue cracks usually originate from the machined surface of parts. This is not only because 
the surface of parts is subject to the maximum external load, but also because there are 
machining-induced surface texture or defects which will cause adverse stress concentration. 
From Figures 6.6(c) and (d), potential fatigue cracks initiated at the root of the machining 
marks or scratches for the ground GH4169 specimens 1# and 7#. That is to say, the fatigue 
life of a machined part depends closely on the manufacturing technology and related 
machining parameters, which produce different surface texture or scratches.  
Near the fatigue propagation zone, there are relatively clear, slightly curved and wave-like 
stripes (also called fatigue striations) parallel to each other, seen in Figures 6.6(e) and (f). 
Fatigue striations are the microscopic features left on the fatigue fracture surface after local 
fatigue crack propagation. The normal direction of the striations roughly points to the fatigue 
crack propagation direction and its presence is usually taken as responsible for the 
occurrence of fatigue fracture. Typically, each stripe or striation corresponds to a propagation 
cycle under the fatigue loading which is large enough to produce slip dislocation within the 
material. It is also can be inferred that the fatigue life of a specimen (especially at the crack 
propagation stage) will be significantly dependent on the amplitude and frequency of fatigue 
loading. 
6.4 SUMMARY 
Multiple-factor orthogonal grinding experiments and related rotating bending fatigue tests 
are carried out to investigate the correlations among the machining parameters, surface 
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integrity characteristics and fatigue properties for the ground GH4169 superalloy. The rotary 
bending fatigue test specimens are machined according to the designed grinding parameters 
under steady grinding conditions with a sharp Al2O3 sand wheel and emulsified lubricant. 
The effects of surface integrity characteristics on the fatigue life of the specimens are 
analysed both individually and integrally. By fractographic analysis of the fractured 
specimens, the fracture reasons and mechanism caused by the machining-induced surface 
integrity characteristics and fatigue loading condition, are studies and discussed. At the same 
time, the relationship between the micro surface stress concentration factor Kst (caused by 
microscopic geometrical surface texture) and the fatigue life Nf, is derived based on the 
results from orthogonally-designed grinding experiments and rotary bending fatigue tests. 
Actually, it can also be said that the relationship between surface integrity characteristics and 
parts final fatigue properties could be bridged and analyzed through the effective surface 
concentration factor.  The variation of fatigue life generally showed a consistently and 
monotonically descending trend with the increase of the stress concentration factor. The 
calculated results from the proposed empirical equation for estimating the effective fatigue 
SFC are of small relative error when compared with those calculated from the Arola equation 
[11], which actually demonstrated the accuracy and practicability of the proposed estimating 
model for stress concentration. 
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK   
7.1 CONCLUSIONS   
7.1.1 Overall Research Results 
To bridge the gap between industry and academia, this research manages to establish a 
surface integrity descriptive model which could digitally and quantitatively define the 
primary surface integrity characteristic parameters for comprehensively characterizing their 
influence on functionality in practice. Surface and subsurface integrity characteristics 
interact with each other and jointly determine the functionality of machined surfaces or parts. 
Further, the framework of a surface integrity model is also proposed to offer a chance for 
better understanding the interactions among the machining processes, surface integrity 
characteristic parameters and service performance. The correlation of manufacturing 
processes, surface integrity characteristics and final functionality are well illustrated in the 
proposed framework of the surface integrity model. In order to accurately evaluate the 
surface integrity and the consequent functionalities, especially fatigue-related performance, 
different empirical equations for estimating the effective stress concentration factors of 
certain machined surface are proposed and summarized according to geometrical inference 
and grinding experimental analysis. The impact of multiple stress concentration is 
emphasized and taken into account for the ground samples, which considers the situation 
when the machining-induced microscopic surface texture superimposes on its macroscopic 
pre-designated structural notches or other macro stress raisers. The accuracy and feasibility 
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of those empirical equations are validated by calculating and comparing the SCFs for the 
externally-ground GH4169 cylindrical samples. The surface integrity characteristics for a 
difficult-to-machine high-temperature alloy GH4169, which is widely used in the aerospace 
industry, are systematically studied. Based on the orthogonally-designed grinding 
experiments for GH4169 samples, the effects of machining process parameters on the 
surface integrity characteristics of the machined parts are quantitatively investigated; the 
formation mechanism and laws for different primary surface integrity characteristics, such as 
surface roughness, microhardness and residual stress, are also analyzed. According to the 
measured SI characteristics from the grinding experiments and corresponding fatigue tests, 
the correlations between the grinding process parameters and the surface integrity 
characteristics, between the grinding process parameters and the fatigue life, and between the 
surface integrity characteristics and the fatigue life, are analyzed and discussed. 
7.1.2 Discussion and Limitations 
However, the surface integrity of machined parts is actually affected by a variety of external 
factors and operational conditions in the cutting system besides the 5 primary SI 
characteristics mainly investigated. For the research in this thesis, only the factors such as 
workpiece material properties, grinding wheel properties and grinding process parameters 
are involved. The grinding processing experiments are assumed to be carried out under 
steady cutting conditions. These assumptions and constraints make the proposed empirical 
equations is not a perfect model which does not completely reflect all the factors that affect 
the relationships between the grinding process parameters, surface integrity characteristics 
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and fatigue properties. In addition, the empirical model is established based on the linear 
regression analysis within the specific grinding parameters range. The application of this 
empirical model might be more suitable for the processes of close cutting situations and 
materials of similar mechanical properties.  
7.2 CONTRIBUTION TO KNOWLEDGE AND PRACTICE  
(1) A surface integrity descriptive model, which took the surface roughness, macro and 
microstructure, surface microhardness and residual stress as the primary characteristics for 
investigation into surface integrity and corresponding fatigue performance of machined parts, 
is established. In this model, most of the SI characteristic parameters/variables are digitally 
and quantitatively defined; the relevant measurement methods and data representation format 
for SI requirement are also included. This model provides SI assessment with a better 
possibility for data extension when different workpiece materials, machining processes and 
corresponding SI characteristic variables need to be accumulated for further analysis. 
(2) An estimation model for microscopic geometrical stress concentration factor Kst, which 
considers the effect of machining-induced surface texture on the extent of stress 
concentration, are proposed and derived. This model not only includes the traditional surface 
roughness height parameters such as Ra, Rz and Rt (along the Z axis), but also includes the 
possible influences from the root radius of profile U  and average spacing of profile peaks 
RSm, both of which contain the geometrical information in the horizontal direction (along the 
X axis). This equation reflects the effect of micro surface geometrical parameters on the 
degree of stress concentration for a machined surface. At the same time, an estimation model, 
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which associates both SI characteristics and macro pre-designated fatigue notches with the 
effective stress concentration factor of the machined parts, is established. This model takes 
account of the integrated effects of the macro/micro surface geometry, residual stress and 
microhardness characteristics from the machined surface or within the subsurface layer on 
the eventual stress concentration. It is really convenient and comprehensive method by 
means of which to estimate the stress concentration degree and assess fatigue performance in 
engineering practice. 
(3) For nickel-based GH4169 superalloy, the effect of grinding parameters on the formation 
of surface integrity characteristics (such as surface roughness, surface residual stress and 
surface microhardness) is systematically studied. Based on specific grinding experiments, 
the formation mechanism for each surface integrity characteristic on the machined surface or 
within the machined subsurface layer are analyzed and revealed. Considering the 
correlations between the processing parameters, the surface integrity characteristics and the 
fatigue properties (shown in Figure 3.5), the effects of the grinding parameters on surface 
integrity characteristics and the effect of surface integrity characteristics on fatigue life are 
studied using an orthogonally-designed fatigue test and relating fractographic analysis for the 
ground and the fractured GH4169 specimens. This research offers a specific guidance to 
effectively control processing parameters, ensure surface integrity and ultimately improve 
the fatigue performance (such as fatigue life) for machined parts in service.  
7.3 FUTURE WORK 
Considering that the empirical model is established based on the linear regression analysis 
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within the specific grinding parameters range, it will be more desirable to develop an 
analytical model in the future, which could accurately describe the correlations between the 
surface integrity characteristics and a wider process parameter range for specific material 
properties, and therefore could more quantitatively control and accurately predict the surface 
integrity characteristics of machined parts. Considering that the modelling work involved is 
very complex and that there is no existing theory to resort to, more powerful analytical 
methods and tools need to be developed for further research. 
Material heterogeneities, such as inclusions, particles or voids, could also act as the stress 
raisers when the machined part is sustaining external load. The developed stress 
concentrations will lead to local permanent plastic deformation and initiate microcrack even 
when the magnitude of stress is far below the yield strength/limit of material. In fact, this 
research also attempts to establish a surface integrity descriptive and assessing model which 
takes the fatigue life as an evaluation target and the generalized effective stress concentration 
factor as the key indicator to associate the surface integrity characteristics with fatigue 
properties. Generally, the stress concentration mentioned in this thesis includes two aspects 
of meaning corresponding to the implication of surface integrity: the first is the surface 
geometrical-aspect stress concentration which consider both pre-designated macro structural 
change caused stress concentration factor Kt1 and machining-induced micro surface texture 
caused stress concentration factor Kst; the second is the mechanical-aspect stress 
concentration Kut which is caused by discontinuity of material properties, or nonuniformity 
residual stress and microhardness distribution within the subsurface layer.  
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